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Summary of Contents

Along with the rapid development of modern industry noise itself

becomes one of the international invironmental pollutants. How we

will combat noise is an important question of environmental protec-

tion. This paper emphasizes the analysis of the mechanisms which

produce aerodynamic noise, presents the noise characteristics of

typical aerodynamic equipment, investigates the basic principles of

eliminating various types of noises and the methods of planning

and design, and cites actual applications of noise elimination.

This book uses practical experience as the basis and at the

same time incorporates domestic and foreign advanced technology

reflecting the basis state of affairs of this branch of learning.

This paper is for the reference of acoustic and aerodynamics

workers, scientific research, planning and factory and mine technical

personnel and workers involved with the mechanical, metallurgical,

construction petrochemical and defense industries and personnel

in environmental protection, work safety, and industrial hygiene.



Foreword

Following modern industrial development, machinery has become

more powerful, the rotation speed has become faster, and the noise

they produce also has become stronger. Noise makes people uncom-

fortable, and affects their work and rest. It is commonly said

that nine out of ten riveters are deaf. This suggests the hearing

of workers is affected with long-term exposure to noise. Noise

can also affect the general health and cause high blood pressure

and heart disease. By diverting one's concentration, it is ofttn

the cause of various accidents. Furthermore, under very strong

noise, sensitive instruments will malfunction, causing the failure

of rockets and spacecraft. Therefore, noise has recently been

recognized as an international public hazard. How to combat noise

becomes an important concern.

This book mainly discusses aerodynamic noise and sound suppres-

sors. Aerodynamic noise is one of three major types of noise. It

is also the one most commonly encountered and most serious in causing

damage. Among the sources of aerodynamic noise, there are exhausts

from automobiles and tractors, supersonic jet airplanes, air cond-

itioners in modern buildings, air exchangers used in mining, blowers,

air compressors, turbines, and internal combustion engines. Chap-

ter 1 introduces the fundamentals of sound waves and noise; Chapter

2 analyzes the mechanisms of aerodynamic noise formation and intro-

duces the noise characteristics of typical aerodynamic equipment;

Chapter 3 studies aerodynamic noise control -- the fundamentals and

V
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calculations of various sound suppressors; Chapter 4 discusses

the actual applications of sound suppressors.

I would like to thank Ma Ta-You of the Physics Institute,

Chinese Science Academy for much advice, Sun Cha-Chi of the Peijing

Science Institute for his useful help and his writing of several

sections, and other colleagues at the Peijing Science Institute

for their leadership and support.

vi



CHAPTER 1. FUNDAMENTALS UF SuUND WAVE AND NUISL

I-I. Vibrations, Sound Wave and Noises

I-1-1. Vibrations and Sound Waves

There are all kinds of sound at all hours in our eivirotiment, e.g.,

people talking, wind whistling, cars moving, machines rotating., .... .. In

short, there is sound accompanying us at any time and in any situation.

With such a close relationship with sound, we are very much interested K
in knowing the nature of sound, its character, its production

and :,ropagation, as well as its measurement.

When we hit a drum with a hammer, we hear the drum sound. We will

find at this moment vibrations of the drum's surface. If we pre-ss the

surface to stao the vibrations, the sound tlhen disai pears. Therefore ,

it can be circ~uded tiiat sound is produced from vibrations 0f certain

materia ls.

Not only solids cat; produce sound ti-r-ugh vibrations; gases

atd li;uids can do just thie same. For example, tLe siren of the traiti

is caused by the passage of steam through a horn, witile the oceati wave

,iroduces s.und frm the vibrations of a liquid.

The sound nroduced by the vibration ou a source can not be heard

by us if there is no pro:agation medium. That is, sound can only

propagate in a medium. For a c!ock enclosed in a g'ass jar, we call hear

the -eking through the air. When the air is iumped away, the s)und

becomes weaker and weaker and eventually disap.,ears--completely when

vacuum is achieved. This clearly demonstrates that, without air, the

sound can not be !rupagated.

However, without air, the sound can still propagate through Ii.;uid

or solid. By putting our ears against time steel track, we can hear toe

a roaching train at a far distance.

3. 1i



In short, vibrating bodies are sources of sound. Vibration in

an elastic medium (gas, liquid and solid) propagates as a wave. This

elastic wave is called tije sound wave. For a certain frequency range,

the sound wave affects human ears to cause a hearing sensation.

We carn use Fig. 1.1 to explain the vibrations and the wave:

A

U: '- - ... "

_____ __._xtve- :c t1~.

41 Pve len-t

Fig. 1.I. Vibratiouns and Wave

If one strikes the etid of a toin steel ruler, the ruler will oscillate

back and forth. This regular oscillation is called vibration. Whet, the

ruler bends towards the right, the air to its right is compressed tJ

fgrm a cndensation region I. This condensed regimn I will tnen c)mpress

its neighboring area on the right, II, ti,us causing the region II t,

become condensed. un the other hand, when the ruler bends towards

the left. leaving an evacuated region on its right, the air of region

I will rush into this evacuated region. As a result, the reg ion 1

becimes less condensed to form a rarefaction region. At this mome ii
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region II has become the condensed region. The air tuere continues

to press towards the right , causing the region III to become

condensed. When the ruler changes its direction towards the right

again, the region I becomes condensed once more, while the region II

becomes less condensed by compressing the region III to become condensed.

Due to the elasticity and inertia of the air, the vibrating steel

ruler makes the air in its vicinity beciome more and less condensed

alternately. This density modulation process propagates outward in

the form of a sound wave with a well-defined velocity. Therefore, the

sound wave is basically the result of the density ctange of the medium.

It should be noted that, while the sound wave propagates, air

itself does not actually move along with it. Rather the air particles

only oscillate around their equilibrium positions. The same situation

occurs in water waves initiated by a stone dropped into ttue water;

aiiv material floating on the water surface only oscillates back and

f~rth without moving away. This indicates that there is no net water

flow. Only the water wave propagates.

As we know, toe air pressure rises and drops as tht density

increases aid decreases, respectively. Therefore, the propagating

process as induced by the density change cani also be viewed as that of

propagating pressure. When this changing pressure enters human ears,

causing tie ear drums to vibrate, these signals are interpreted by the

nervous system as sound.

As shown in Fig. 1.1., every time the steel rulermlakes one complete

vibration, air will be affected to foim a high-low density wave component.

The number of vibrations per second is called the f'requency, t, and

3



its unit is Hertz (abbr. Hz). For human beings, only touse vibrations

with 20-20,000 Hz can cbase a hearing sensation. The ultra-sound with

frequencies higher than 20,000 Hz and the sub-sound with frequencies

less than 20 Hz are not detectable by human ears.

The propagating speed of a sound wave in a medium is called the

sound s)eed, as expressed by c with units of m/sec. At ambient

temperatures (20oc) and under standard atmospheric pressure, the sound

velocity in air is 344 m/sec. The sound velocity changes with chiln-ing

temperatures. At 00 C, c=331.5 m/sec. At any temperature tOC,

c=331.5 + 0.607t (m/sec), (1.1)

i.e., ttie sound velocity increases by 0.bO" m/sec for every IoC

increase in temperature.

The sound velocity varies with medium. In air it is 544 m"sec;

in water, 1450 m/see; and in steel, 5000 m/sec. Therefore, we can

detect the approaching train by sound earl ier turough the steel rail

than through the air.

In a s)und wave the distance between two neignburing a mdensatiou

regions or two neighboring rarefaction regions is called the wave

length, \, with units in m.

The wavelengtu X, frequency f, and sjund velocit c are three

important quantities in the study of sound. They are related by

. . (1 .2 ) :

At ambient temperatures, if f=20 Hz, then X= 17.2 m, aid if

f=20,U00 1Hz, A=0.0172 m. Theret')re, at ambient temperatures, humati

ears can detect sound waves with a wavelength raiige between .0172 aid

17.2 m. Fig. 1 .2 illustrates te relationship between the wavelengtn

a !d frequency of sound waves at ambient temperature.
14
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It is obvious that the wavelengths of a given frequency will be

different in different media.

1.1.2. Noise

What is noise? Noise is one kind of sound wave with all the

characteristics of sound waves. From the physics viewpoint, noise refers

to sound without a regular pattern of intensity and frequency. However,

under a broader definition, adiy so)und not required by pe)ple cati be

categorized as noise. For example, iniano sound is music. But ti qeo!,le

in sleeP or reading it also becomes a form of disturbance.

According to its source, noise can be basically categorized

into aerodynamic, mechanical, and electromagnetic noise. Aerodynamic

noise is induced by vibrations of gases. When a gas has an eddy current,

or has a sudden change in pressure, there will be noise caused by gas i
vibrations. Typical examples Lnclude those from blowers, air conditioners,
air cmpressors, ejectors, jet airplanes, rockets, sirens and exhaust

gases. Mechanical noise is induced by the vibrations of solids.

Through collisions, friction , and traismissions under mechanical forces,

the sheet metals, ball bearings, and gears, etc., of machinery vibrate

to form mechanical noise. Electromagnetic noise is induced by thet

changing magnetic field, which causes the electrical components in

generators or transformers to form noise.



According to frequency distributions, noise can be distinguished

in terms of noise with or without a tune. A tuned noise has a clear

fundamental frequency and its accompanying overtones. It is usually

caused by rotating machinery (e.g., blowers). An untuned noise

has no well defined fundamental frequency and overtones. A typical

example is that caused by exhausting gases.

1.2 Physical Parameters of Noise

Sound pressure (sound pressure level), sound ittensity (sound

intensity level), sound power (sound power level) and frequency

(frequency band) are generally used as physical ,,arameters of' noise.

1.2.1. sound Pressure, Sound Intensity, Sound Power

A sound wave induces oscillations ,;f air ,articles, wthicih lead to

fluctuations in rressure. The variations frim static ,ressure are

called the sound pressure, P, with units in Nm". In general, sound

pressure refers to the e'ffective sound iressure (i.e., ttue root meau

square value).

The threshold audible sound pressure for normal human ears is

X 10 Njm-. The sound pressure in a typical room is 0.1 N, , a

loud cr)" has a sound pressure of 0.5-1 N/'m , the noise from a weaving t

machine is 3 Nim. Very strong noises from jack hammers arid air

blasters can reach 20 N/'m, and cause pain in humiri ears. The thresiiold
, 1

sound pressure to cause such pain is 20 N,'m When the )ressure reaches

several hundred N m, it will damage thiu ear drum (bleeding).

6
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Sound pressure is a common physical quantity for measurine the

strength of a given sound. Most receivers (transmitters) respond to

sound pressures.

Being one kind of waves, sound has a fixed energy.

Therefore, we can also use energy to express the strength of sound

propagation. This leads to two other physical quantities: the intensity

and the power of sound.

Intensity of sound is measured as the energy passing thirough

a unit area perpendicular to the propagation direction. It is generally

expressed by I, with units in Wattim".

The power of sound refers to the total energy delivered by the

source in unit time. It is generally expressed by W, with units in

watt.

The nower W and tne inteusity I are related by the equation:

W - (1.3)

wnere S is the enc osed surface area around the source; I is the

intei-sity component along the normal direction of a spherical surface.

In a free sound field (i.e., sound propagates freely witnout

reflection), the sound propagates spherically:

'Spherical 4(1.)

where r is the dista,.ce in m; and ISpherical is the average intensity

in Watt."m at the spherical surface.

If the source is located on the ground in au open area, the sound

wave propagates only semi-spherically. Theli,

W (
ISemi-Sph. 2wr'-(1.5

7a



where ]semibh. is the average intensity in watt,m at the semi-

s',herical surface.

From equations(l.Ii) and (1.5), it cani be seen that the power of

a given sound source is a constant. At different points in space,

intensities are different, and are inversely proportional to r-, with

r being the distance from the source.

In a free sound field, intensity is related to sound pressure.

r - 2 IU

where P is the deusit\ of the medium, c the speed of propagation, the

;roduct fe the specitic acoustic resistance of the medium to ti;e sound

2 ropagatiotu. For air, at 200C and under normal. atmospherical p ressure,

c = 413 Rayls. The specific acoustic resistaoce ciianges witiu

cuatiAing temperature and atmospherical )ressure.

In a free sound field, sound power a. d suund pressure are related:

W = 4gr Ps ier e l o (1.7)
~Spiierical PC

where Pspherical is the average sound pressure at the spherical surface.

In a hemispherical sound field, sound power and sound. pressure are related:
W -. 2 emi-spn.(.)

1 (1.8)

where Psemi-sph. is the average sound pressure at the hemi-spherical surface.

Irom the audible region to the threshold of pain, the intensity ranges from 10 1 2

to 1 Watt/mi.

1.2.:. Level aod Deciuel

Between Lhe audible region and the t~ireshld o' pain, ti,e s)ulid

iressure ratio is 100 :1, i.e., different by one milliOn times. The

inteosit,.- ratio is 10 1l:1. It is obvious that it is not ,ractical Lj

use eit,,er sound pressure or inteusity' t, express tie magni tude of

sound ei.erg'. Therefore, logarithmic ratios-- levels are irntr-dticed.

Tie, are sound pressure levels, sound intensity levtls and sound 'ower

8a



levels. This is the same approach as in expressing the level

of wind or an earthquake.

Their mathematical definitions are:

Sound pressure level:

L = 20 log (P/Po) (decibel), (1.9)

with P ='-2x1O- N,'m as the reference sound jressure.
o

Sound intensity level:

L I  10 log (I/Io) (decibel), (1.10)

lo 2wiLh I=10- watt/m- as the reference sound intensity.

Sound rower level:

L , = 10 log (W,' ) (decibel), (1.11)

-12
with "' =l1 watt as the reference s)und )ower.

P and I are, respectively, the audible s.,und pressure at 1AJ)0 llz

and its curres:)onding sound intensity. By taking the logarithmic ratio

o' P 1' and multiplying it by 20, one obtains the sound pressure level

_f P. By taking the logarithmic ratio of II and multi1lving it by

10. one obtains the s~und intensity level of I.

The unit of sound pressure level, sound intensity level, and sound

power level is the decibel. This dimensionless unit for levels was first

introduced in electrical engineering. In the latter, the logarithmic

otio .)f two power values is often used to exuress the gain jI ai,

amplifier or the signal-to-noise ratio. Such a unit is called a Bel.

A decibel (db) is one-tenth of a Bel. Therefore, the decibel is the unit of

th~e logaritmic ratio of two .power values, multiplied bv Lu. Fur a

network with input )ower h 1 and out,)ut puwer W,,, the amplificatijit )t'

9
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the network is log(W,'Wl) in Bel, and 10 log(W 21Wl) in db. When

W 1=0.1 microwatt, W 2 =1 microwatt the power gain is

10 log(1, 0.1) = 10 db

When Wl=1 watt and W2 =10 watt, the power gain is still 10 db:

10 log(10'1) = 10 db

It is clear then that ttie gain as expressed in db does not

reiresent the actual power or the values of either inut or uut, ut

.)owers. Instead, it only indicates the ratio between the output and

the input ;,ower. On the other hand, 10 db in gain means an increase of

10 to 1, the gain of 20 db means an increase of lOU0 to 1, and that of

30 db means an increase of 1000 to 1...

In electricity, when the resistance is constant, the )ower ratio

is equal to the square of the voltage ratio:

W Iw = Mv) -

where V, and V1 are output voltage and input voltage, res;,ectively.

Therefore,

10 log(w 2/W I) = lu log(V2 V1 ) = 20 lg.V , 'V

In acoustics, sound uwer and sound jressure correspond to tlie

electrical power and voltage, respectively:

LW = 10 log(W,"'W) (db), (1. 12)

Lp = 10 log(P, P,)' = "O log(P 'Pl) (db). (1.13)

By re-lacing W1 by the reference value W and replacing h, by

the measured W, Equation (1.12) then becomes E'tuatiun (1.11). Similar'y,

by re,1lacing P1 by P0 and P,, by P, Equation (1 .17) changes to .quation

l'rim tie audible region t, th. tlhreslo ld ut' pain, the,. sound

pressure change is 2xIxlo- _)0 N/M" arid the suund i Ititetisity cti ge is

10



10--1 watt/M 2 . By substituting them into Equations (1.9) and (1.10),

the changes in souad pressure level arid sound intensity level are

both 0-120 db.

Figure 3 shows the curves for converting sound pressure, sound

intensity, and sound power to sound pressure level, sound intensity

level, and sound power level, respectively.

It is clear that,by introducing the concept of levels, one can

reduce the order of magnitude in changes in sound pressure or sound

intensity arid power from 10b or 1012 to 0-120. (Even with a sound

pressure of several hundred N'm 2 beyond the threshold of pain, a,.d

a sound power of tet,-thousand watt, from the stro.ng noise of a jet

airplane, the sound pressure level is still only 140-150 db and sound

power level is lbO db). ConsequentJy, this convetiient and logical

way of expression has been widely accepted.

Since tne decibel is a logarittmic unit, it can not be calculated

using simple arithmatic. one has to fallow th- logarithmic ouerations.

120. -

.
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The addition of decibels: The addition of one sound with 90 db

to another with 88 db dues not equal 178 db. Rather, from Fig. 1.4

or Table 1.1, one finds first the increment AL = 2.1 db corresponding

to the difference L I-L II=90-88= db; then add this AL to the higher

L I value to obtain LTota1= 9O+'.l= 92 .l db. For adding severai decibel

together, one should follow this procedure step by step.

! ! I K1  tII -

3' 5 7 9 11
17,( T -L i )

Fig. 1.4 The Increment of Decibel Additions

Table 1.1 The Increment of Decibel Additions

Level ifference -L 2 3 I I , 9 U

between I and Il itrima L,-L,, 0 1 2 4--

Level increment AL~rb)
beyon the higlher level 3*. AL(t2) L
between I and II

The same Irocedure should be used to calculate the average of

n decibei valut-s, by adding the decibels of all sound cumuionetits

tigethtr, and subtracting 10 log n from tie summation.

For example, to determine ttie average value of 9', 9, 9u. arid

66 db, we can use Fig. l.: the sum 1t 9,5 and 93 db is 97.1 db: 97.1

and 90 db is 97.9 db; 97.9 and b8 db is 9t.3 db; finally, with

l0 log 4 = 6, 96.3 - u d9i.3 db. The integer decibel value wuuld

toen be 9".

To let the readers have more direct feeling on leveis anid decibels,

Fig. 1.:. lists the sjund power level of several cimmunly eicountered

noise sources. 12

............................



Table 1.2 Sound Power Level of Several Common

Sound Sources

Sound Source Sound Power Level (decibel) Sound Power (Watt)

wiisper 30 10-9

small electric clock 40 10- 8

normal conversation 70 10- 5

e100 10-2

blower (large size) 110 0.1

e 120 1

140-150 100-1000

jet airplane luO 10000

1.2.3. Frequency Band

Audible sound has a frequency ranige between 20 and 20000 Hz. The

tw, extremes represent a variation of l000 in ratio. For conveiience,

we divide the broad frequenc rauge into several sub-gruu)s. They

are so-called frequency bands.

In noise measurements ttne most commonly used batds are based on

ti;e ratios of 2' or 1/3.

The batid with a ratio of 2 refers to tue case where the two extreme

frequencies are 2:1.

The central frequencies of commonly used bands of this type are

31.5, 63, 125, 230, 300, 1000, 2000, 4000, b0O0, auid 1o000 Hz. If

the central frequency of a given band is fc' a,!d tie upper aid lower

limiting frequencies are fu atd f,, then fc-/U, 7l ' fu-/2
1 ~ i = 2f 1

'1, -fc, aid fu 1

13



The ten frequency bands mentioned above can cover the whole

audible sound range. It makes the measurements similer. In tact,

in noise control and field measurements, one needs only eight bands

covering 03 - 8000 liz. This is shown in Table 1.3.

Table 1.3 Octave Frequency Bandwidths (1EC)I)

Central r31,S(JN ) 63 125 250 500 1k 2k 4k Ak

Fre1uenc az - 9 355- 71 1400- Z0 5600-

Frecuency rang - r) 180 355 710 2800 11200( Fz ) 1 E 4 4

1) IEC is abbr. of International Electrical Engineering Committee

In order to obtain the more detailed frequency s:,ectra, one can

use half-octave or third-octave bands. This is to subdivide a given

frequency band into two or three sections. The central frequencies

of the half-uctave bands are: 31.5, 45, 03, 90, 125, lbO, 250, 555,

300, 710, 1000, 1400, 2000, 2800, 4000, 5000, 8000, ll00, luO00 Hz;

those or the tuird-octave bands are: 40, 30, 03, o0, 100, 1.23, oO, 200,

250, 320, 400, 500, 030, b00, i00, 1250, i00, 2000, 2 )0, 3200, '000,

00O, 6300, OOO, 10000, 12500, 1o000 Hz.

Using the frequency (frequency band) as abscissa, aud sound

,,resstire level (sound inteusity level, sound power level) as ordinate,

a noise analysis diagram can be drawn. It provides information on the

c om)onents and characteristics of the noise. This is called

frequency spectral analysis. Fig. 1.5 shows the noise fre.iiency spectra

o[ a 1-nOl tvye air compressor.

Fig. 1.u indicates the noise frequency spectra of a DO0-2l

centrifugal fan

Fig. 1.7 shows the noise frequency s.,ectra f or a K-350-ul-I

turbine compressor. 14
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1.3 Pruagation of Sound Wave

1.3.1 Reflection, Refraction, Diffraction and Interference of

Sound Waves

When a sound wave reaches an obstacle, reflection may occur. The

conditions for reflection depend on the wavelength of the sound and

the dimensions of the obstacle as well as the smoothness or its surface.

When the wavelength is shorter than the dimension of the obstacle, the ,

sound can easily be reflected. When the wavelength is greater than

the dimensions of the roughness of the surface, the surface will lead

to regular reflections. If the wavelength is about the same as or shorter

than the dimensions of the roughness of the surface, the sound wave will V
end in a diffuse reflection. Since the wavelength of noise ranges

from several cm to more than 10 m, the reflection or noise is rather

complicated.

The ratio between the reflected sound e,,ergy and the incident

sound energy is called the reflection coefficient. From a medium

with specific acoustic resistaiice ?,1 C into another medium with f,c,,

the reflection coefficient r of a normal incident sound wave is
0

Table 1.4 lists the spccific acoustic resistance of s everal

common media. The negligibly small air resistance (413 Ra:1c)

in comparison with that of steel (390x10 5 Fa'1l- ) indicates that

a steel plate can practically reflect sound energy completely.

16



Table 1.4 Specific Resistaice of Several Media

Media Sound Velocity Detsity S.,ecific Resistance
(m/ s) (kg/m 5 )  (km" -s) P ay'

Air 344 1 ._0 413

Water 1450 1000 145xiO

Steel 5000 7S00 390x105

Glass 4902-5 00 2500-5900 130-34Ox105

Aluminum 5100 2700 13Ox10 5

A sound wave cazt also be refracted wi;en it etLcounters an interface

with differe,:t specific acoustic resistance.

In the refraction of sound wave, tie iro:,agatiuon direction changes.

as stown in Fig. I.-. The relation between the incideut aaigle ti  ald

tie refracted angle o,, is

sin tol,,/sin d,, = c c 5

When a temperature gradient exists, and c vary ac,ordinlv,

leadin,, L thc refraction of sound waves. Similarly, with a wind

g radient, refraction or' sound waves can aiso occur.

When sound waves encounter obstacles. o,enings or holes witu

dimensions much smaller than the wavelengti, diffraction occurs, as

shown in Fig. 1.9. Low frekluericy sound waves have wavelengths u- t-

several meters: diffraction occurs easily.

C, -

C, Cp.C
- 1*

Fig. . hefraCLion ,-rf Sound laves

17
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Fig. 1.9 DiffractiLu of Sound kaves

Sound waves can also suoerim:'ose during ,,r'. ,agation.

This )henomeuiou is called interference .L' sound waves.

When two sound waves with the same frequency arrive at a point in phase,

i.e., the; cause identical disturbaiice at that oint, ti.e two waves

tuen reinforce each otier. The resulting amplitude is toe sum of the

two irdividual amplitudes (see Fig. 1.10(a)); it the two waves are out

of djiase, then they destroy each other partially or conmletelv. TL.e

resulting ami litude is the difference of the two individual amplitudes

(see Fig. 1.10(b)).

(a) (i )

F'ig. 1.1O Interf'ere:ce ogf Sound Waves I



1.3. 2 Attenuation of Sound Waves

If the dimensions of a siund s~urce are much smaller than the

distance between the point of measurements and tnis source, the source

can be considered as a point source. A !)oint source produces a spherical

wave with its sound pressure value inversely ;roourtiona] tj the

distance between the source and the point of measurements (see L'j.

(1.7) and (1.S)). As exaressed in decibels:

Lp=L W - 20 log r - k (db), ( U.)

where K is a correction factor; in free s,ace, k 11; in a semi-

Cree s')ace. k = b.

The dilt'erence in sound i)ressure levels at distatice r 1  and r,, is

L - L = 20 log(r,,'r (1.17)
) r2 ) -

I

1
(2

When r, r I  - ", the level decrease is u db, i.e., it diminishes by o db

when the distance doubles. When r,,, r 1 = 10, tile level decreases by

2U db; wien r,,,/r I  = 100, the level decreases by 40 ri1.

It the sound source is a line source, then

LPr L = [0 log (r,, (l. )

In this case, the level decreases by 3 db when the distance doubles.

This phenomenon is referred to as the divergence decrease of

sound wave due to distance.

During the pro',agation of sound waves, the absor,)tion by air

(caused by the viscosity and heat transfer 0t air, damtping effect it'

toe air molecules' rotational motion) can also cause the sound waves

to diminish. As indicated in Table 1.5, the magnitude of this effect

deoends on the frequency of the sound wave. the air temperature, ,nd

the humidity. 19



Ta -e I.! ounlc *ave attenuations ( !/>? r) ue

tc air absorptions

M*(U) a 1 ~ ~ %_ .- __ 30 50 70 9

-10 0.56 0.32 0.22 0.18

0 0.28 0.19 0.17 0.16
10 0.22 CIS8 -0.1 9.15
20 0.21 0.18 0.16 0.14

-to 1.53 1.07 -0.75 0.57

1000 0.96 0.55 0.42 0.38

10 0.59 0.45 0.40 0.36
20 0.51 0.42 0.38 0.34,

-10 2.61 3.07 2.55 1.95

2000 0 3.23 1.89 1.32 1.03
10 1.% 1.17 0.97 0.89
20 1.29 1.04 0.92 0.84

-10 3.36 5.53 6.28 6.05

4000 0 7.70 6.34 4.45 3.43
1o 6.58 3.85 2.76 2.23

20 4.12 2.65 2.31 2.14

-1o 4.11 6.60 8.32 9.48 -
6000 0 10.54 11.34 8.90 6.84

to 12.71 7.73 5.47 4.30
0 8.27 4.67 3.97 3.63

Key:

a. !:r-'t :c !

•,20

20



It is obvious from Table 1.5 that the attenuation is more pronounced

for high frequency thati for low frequency sound. Therefore, even though

airplanes produce strong noise in high, medium and low frequencies, we

hear only low frequency noise from a distance because of the effective

diminishing effect of the high frequency noise through the air. The closer

the airplane is to us, the more the contribution to the noise is from the

high frequency components.

In a conduit, the sound wave can be greatly reduced when it encounters

sound suppressors.

1.4 The Effect of Noise on Human Bodies

anid Subjective Evaluation of Noise

1.4.1 The Effect of Noise on Human Bodies

Noise affects health adversely. HIigh noise level (e.g., above 90

decibel (A)) conditions can produce annoyance and discomfort. Continuing

exposure to these conditions leads to loss of hearing sensitivity, and

sometimes, to deafness. Medical surveys on workers in different industries

showed that among several groups (e.g., textile workers, riveters, and

generator workers, etc.) hearing loss can reach 50 - 005, or even bO-90,0,

if there are no control measures.

Sudden exposure to very intense noises (as high as 150 decibel)

can cause severe physical injuries, such as bleeding and rupture of thc

ear drums, bleeding of Scala Media, and detachment of llelicotrema, and

leads to deafness, nausea, vertig, speech incoherence, concussion, coma

and shock. In fact, moderately high levels of noise can already affect

the central nervous system - loss of equilibrium between excitation

and inhibition of cerebral cortex leads to abnormal conditioned reflexes,

disturbance of normal daily activities, irritation and annoyance, and
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loss of concentration. Also, people reach a fatigued state much more

readily even though no hard physical labor is performed. Since noise

acts on the cerebral cortex, industrial workers often lose concentration,

and reflexes slow down. Under those conditions, defective products,

bodily injuries, and lowered productivity are very common.

Noise probably also affects brain vascular tensions, causing dis-

solution of neural chromosomes, deformed nuclei, twisting of dendrites,

and infiltration of axons. If these physiological changes are not allowed

to recover in time, sustained excitation of axons may progress to the

involuntary nervous system resulting in pathological conditions.

Headache, dizziness, ringing in the ears, nightmares, insomnia,

fatigue, and lethargy are often the accompanying clinical symptoms.

Health workers found 60-70% of workers in the high noise level factory

environment have nervous system related diseases.

The gastrointestinal system can also be affected: abnormal digestive

juice secretion, decreased gastric acidity, loss of stomach wall muscle

contraction, indigestion, decrease of appetite, ulcers, and other

digestive diseases.

Noise also affects endocrine functions: stimulation of adrenal

glands, anterior pituitary acidophil increase, excess secretion of

pituitary stimulating hormones, and inhibition of sex glands. Female

workers' sex gland functions cause erratic menstrual irregularities,

and increased abortion risk may also be associated with noise.

In recent years, research on the effects of noise on the cardiovascular

system showed that it stimulates the sympathetic nervous system; increases

heart rate; disturbs cardiac rhythm; slows down ST-T wave of EKG and

increases blood pressure. Under intense noise, the rate of hypertension
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is increased many fold compared to no noise condition, clearly illustrating

the effect of noise on the cardiovascular system. Noises also affect the in-

voluntary nervous system, causing vasoconstriction, cardiac output decrease,

diastolic pressure increase, insufficient perfusion of ventricles, and

heart muscle damage . The consensus among the medical professionals is

that noise may cause coronary diseases and arteriosclerosis.

Noise can cause blood composition changes too, increasing white

cell counts, lymphocyte counts and blood sugar levels. Therefore, under

long term exposure to noise, the general level of health is decreased.

Even if there are no outright occupational diseases, noise can lead to

other associated pathological conditions.

1.4.2 Subjective Evaluations of Noises

In Section 1.2 it has been mentioned that sound pressure and sound

pressure level are used as physical parameters for noise. The higher

the sound pressure, the stronger the sound; the lower the sound pressure,

the weaker the sound. However, the sensation towards sound for a human

being's ears depends not only on sound pressure, but also on frequency.

Generally it is more sensitive to higher frequencies than to lower

frequencies. The hearing sensation is different if frequet.y is different,

even though the sound pressure remains the same. F'or example, with the

same 90 decibel in noise sound pressure level for both K-230 air compressor

arid small sedans, the former appears to be much louder. It can irritate

so much that one can hardly stand it, while the latter does not seem to

be loud at all. Therefore, sound pressure level (decibel) cai only

represent the strength of noise physics.

23



Based on this characteristic , we introduce a concept for loudness

similar to that for sound pressure level. That is, by taking a 1000 liz

pure sound as reference sound, any sound with the same effect on hearing

has a loudness value (pho.) equal to the sound pressure level (decibel)

of this pure sound. If the noise and the sound pressure level are 100

decibel, and the loudness is the same as that of a reference sound with

frequency 1000 Hz, then the loudness level of the noise is 100 nhon.

The loudness level represents the magnitude of the loudness of a

given sound. It unifies the sound pressure level and the frequency into

one unit. Not only does it take into account the physical effect of a sound,

it also considers the physiological effect of the sound to a human being's

hearing. It is a basic quantity in a subjective evaluation of noise.

~ ..-

a1. L. re -

C.
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Fig 1.11 Equi-loudness curves

a. sound pressure level (db, 2x10- 5 N/m 2 as reference)

b. frequency (Hz)

c. Minimum audible sound field for normal ears

d. phon

Using the method based on comparisons with the reference

sound, one can obtain the loudness level of a pure tone in the

entire audible range. The equi-ioudness curves in Figure 1.11

are determined from many experiments. Each curve in the group

corresponds to a sound of certain loudness level (phon). Zero

-5
phon corresponds to an equi-loudness curve of 2xlO - 5 N/'m at

1000 ilz. The lowest audible field is 4 phon.
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It can be seen from the equi-loudness curves:

1. Human ears are most sensitive to sound with high frequencies,

particularly between 3000-4000 Hz, but not sensitive to low frequencies,

particularly less than 100 Hz. For the same loudness level of 50 phon,

the sound pressure level is 50 db for a sound of 1000 Hz; 42 db for

3000-4000 Hz, 59 db for 100 Hz, and 75 db for 40 Hz. They are all on

the same 50-phon curve.

2. When the sound pressure level and frequency are low for a certain

sound, the sound pressure level (db) and loudness level (db) are quite

different. For example, with a sound pressure level of 50 db, a sound

with an ultra-low frequency of 30 Hz is not audible (below the audible

region curve), its loudness level is not yet zero phon. For the same

50 db sound pressure level, the loudness level is 25 phon for a bO-Hz

sound, 74 phon for a 500-Hz sound, and 50 phon for a 1000-Hz sound.

3. When the sound pressure level reaches beyond 100 db, the equi-

loudness curves have gradually levelled off. This indicates that, when

the loudness of sound reaches a certain level (higher than 100 db), human

ears can no longer distinguish high frequency sounds from low frequency

ones. The loudness of a sound depends only on its sound pressure level,

and is independent of its frequency.

The etlui-loudness curves in Figure 1.11 are introduced by Robinson

and Dadson. They have been approved by the 43rd Technical Committee of

tije International Standards organization (ISo). Therefore, they are also

called ttie ISu equi-loudness curves.

Loudness levels are relative quantities. Sometimes they need to be

converted into natural numbers, i.e., to be expressed in absolute

quantities. This leads to the concept of loudness, with its unit the sone.
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Loudness is the quantity describing the strength of a sound as

judged by the hearing sensation. It is directly proportional to a normal

person's subjective feeling towards sound. One sone is equal to 40 pbon.

Every 10-phon increase in loudness level, the loudness doubles. For

example, 50 phon is equivalent to 2 sone, oO phon to 4 sone, etc. This

can be expressed as

S= 2(Ls-40)/I0 (1.19)

or LS = 40 + 10 log 2 S, (1.20)

where S--Loudness (sone); LS-- loudness level (phon).

This is shown graphically in Figure 1.12.

It is relatively direct to express the degree of noise in terms of

loudness, which can be used to calculate directly the percentage increase

or decrease of the loudness. For example, a noise has a loudness level

of 10 phon, and loudness of )-"0 sane. After being treated fir sound

suppression, the loudness level drops tJ 90 phon and loudness t 3-2 sone.

That is, the total loudness decreases by

( o30-32)/25o = S7r .

According to the equi-loudness curves, sound measurement equipment

often has three built-in weighting networks. They allow differ.%it derees

in wave filtering for the incident sound. Weighting netwurk-A simulates

the loudness of a pure tone of 40 phon to human ears. A hen a signal

passes through, it attenuates significautly the low and medium rang!e

frequencies (less than 1000 Hz). Weighting netwjrk-B simulates tie

reaction of human ears to pure tones of 70 lphon. It attenuates th, lw

frequency band of a signal., Wveighting network-C simulates the reaction

of human ears to pure tones of 100 phon. It has jracticallv the same

27
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effect on the whole audible sound range. Network-A makes a

given sound measurement device sensitive to high frequencies,

but not to low frequencies. This is similar to human ears'

sensation towards noises. Therefore, the level of noise as

measured by network-A is closer to the actual feeling of human

ears. In recent years, in noise

measurements and evaluations, the
phon sone

13r sound level as determined by the

network-A is used to represent
12C -2

-'A the degree of noise, called the

A-sound level and expressed in

db(A) or dBA. There are conversion

relationships between the A-sound

Wo level and many other noise evalua-

tion quantities. Therefare, the

evaluation method for A-sound levels

becomes more and more important in

4 noise evaluations.

Table 1.0 lists the A-sound

level of several common types of

sound.

Noises also interfere conversa-
3) 0.5

tions (including telephone calls).

Figure 1.12 In situations with relatively high

Relationship between degree of noise, cunversatiot

udness level ad becomes strenuous, and one can even

loudness
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hardly bear the other person. However, higher sound pressure

level or loudness level does not necessarily cause more inter-

ference to conversations. This is because of the fact that

conversation sound is mainly confined to three octave bands

with center frequencies at 500 Hz, 1000 Hz and 2000 Hz. Noises

below 200 Hz or above 7000 Iz, even though with somewhat high

sound pressure level and loudness level, do not induce serious

interference to conversations. Consequently, speaking-interference-

level (SIL) is defined as the average value of the sound pressure

levels of the three octave bands -- 500 liz, 1000 Hz and 2000 Hz.

If SIL is less than O0 db, there is no appreciable effect on

normal conversations or phone calls. Between bO and 75 db,

conversations and phone calls become somewhat difficult. Above

75 db, it is almost impossible to make phone calls.

In recent years, for airplane noises, another new subjective

evaluation parameter is introduced -- perception noise level and

degree of noise. The unit for perception noise level is PNdb,

equivalent to the loudness level. The unit of degree of noise

is roy: , equivalent to the loudness. They are different from

the loudness level and loudness in that they are based on composite

sound. while the loudness level and loudness are based on pure

tone or frequency-band sound.

Figure 1.13 shows equi-degree of noise curves.

Figure 1.14 shows the relationship curves between the

decree of noise(N-CYS) and the perception noise level.

29



Table 1.6 A-sound levels of several common sound sources

(distance between sound source and point of

measurement: 1-1.5 m)

A-sound level Sound source

(db (A) )

20-30 whisper, broadcast room

40-00 common indoor noise

60-70 common conversation, small air conditioner

50 loud discussion, radio, relatively noisy
street

90 heavy loaded car, air compressor station,

Pumping station, noisy street

100-110 weaver, electric saw, sander, large blower

110-120 jack hammer, ball grinder, diesel generator

120-130 air riveter, propeller airplane

130-150 high-pressure large-volume exhaust, wind tunnel,
jet airplane, ground-to-air cannon

above IoO rocket, Airship, missile

Recently, another evaluation method for airplane noises

has been introduced internationally, called the effective per-

ception noise level EPNL. It is developed from the basis if

perception noise level. Not only does it consider the frequency

characteristics of noises, it also considers the continuous

time span of the noise effect as well as the individual com-

ponenits in the frequency spectrum. Furthermore, for calculations

related to other evaluation methods, e.g., the aeronautic noise
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index NNI, the equi-effect continuous perception noise level

I-CPNL, etc., one can read the literature references (2-5).

C)
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Figure 1.13 Equi-degree curves or noises vigure 1.14
Relationship curves
between tot, degree
of noises (Na) wnd
the perception no,,ise-
level (P\ dh)
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1.5 .Noise Measurements

1.3.1 Noise Measurement Equipment

Commonly used noise measurement equipment includes sound

level meters, frequency spectrometers, automatic recorders,

I-agnetic tape recorders, etc. This section introduces briefly

the characteristics and method of applications of this equip-

ment.

1. Sound level meters: Sound level meters are the most

common and simplest noise measurement equipment. With small

volume and light weight, they can easily be carried around.

Not only they can be used individually for sound level measure-

ments, they can also be used along with matching devices or

peripheral equipment for spectroscopic analysis, vibration

measurements, etc. Lxamples include the Model SJ-1 general

sound level meters manufactured by the Peijinu Radio Factory,

No. II; t;je Model ND1 precision sound level meters manufactured

by the Kiaui-Si Red Sound Equipment Factory; and the Model 2203

precision sound level meter- manufactured by the Denmark B x K Co.

Their appearances are shown in Figure 1.15.

Sound level meters are composed of sound transmitters,

amplifiers, sound attenuators, frequency weighting netwurks,

and effective value indicators.

Figure 1.16 is a block diagram for the sound level meters.

The working principles of sound level meters are: A soJund

pressure signal passing through the sound transmitter is converted
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into an electrical voltage signal, which is fed into the amplifier

to become an electrical signal with a certain power rating. By

further passing through a weighting network with a certain

frequency response, followed by wave rectifying, the signal will

move the indicator in terms of a decibel scale.

Sound transmitters are also called microphones. They are

acoustic-electrical converters. According to the conversion

principles and structures, they can be categorized into tnree

types: electromotive sound transmitters, piezoelectric electrical

microphones, and condenser microphones.

Electromotive microphones are also called moving-coil

microphones. They are based on the electrical voltage output

induced by the motion of a conductor in a magnetic field. They

are relatively large in size, low in sensitivity, susceptible

ta electromagnetic field interference, non-linear in frequency

response, and greatly attenuated at low frequency ranges. dowever,

they have low background noise and can work at high temperatures.

.. ;A P''

0 2

(a) Model SJ-l general (b) Model ND 1 Precision (c) Model 2203

sound level meter-- sound level meter-- Precision sound

Peijing Kiang-Si level meter--

Denmark
figure 1.13 Appearances of sound level meters
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Figure 1.16 Block diagram of a sound level meter

Piezoelectric microphones are also called crystal microphones.

They are energy converters based on the electrical voltage output

induced by the strain of crystals with piezoelectric characteris-

tics (e.g., Rochelle salt, ammonium dihydrogen phosphatc, etc.).

Microphones of this type are simple in structure, low in price,

flat in frequency response, but more sensitive to temperatures.

Electromotive microphones and piezoelectric microphones

are often used in general sound level meters.

Condenser microphones are composed of two electrode plates,

which yield an electrical capacitance, in terms of one vibrating

diaphragm and another back electrode. A D.C. electrical voltage

(charging voltage) is applied between the diaphragm and the back

electrode, thus forming a constant charging condition. When the

diaphragm vibrates under a sound pressure effect, the change in

capacitance between the electrodes produces an electrical voltage

corresponding to the sound pressure. Microphones of this tyI)e

are high in sensitivity, with a flat frequency response to a

very broad range of frequencies. Their output characteristics

are stable, with practically no change between the temperature

range of -50 C and +150 C and the relative humidity range between

0 and 100'. Therefore, they are suitable for precision measure-

ments. Precision sound level meters do use condenser microphones.
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However, the materials and processing requirements of such

microphones are very strict, and the manufacturing costs are

high. Furthermore, they require highly stable D.C. voltages

and amplifiers in their applications.

The characteristics of condenser microphones are closely

related to their volumes. The smaller the volume, the broader

is the frequency response range, the smaller the effect from

the noise propagation directions, the ability in sustaining

higher sound intensities, but the lower the sensitivity. Table

1.7 is a partial list of specifications and characteristics

of the CH-series condenser microphones manufactured by the

Peijing Radio Equipment Factory, No.1.

The electronic amplifier in condenser microphones needs

to have a high gain. The amplification characteristics are

flat in the audible frequency range (20-20,000 Hz). It should

have low background noise and high stability. The attenuator

requires an attenuation of 10 db in each step.

There are three common frequency weighting networks, designed

by following the human ear's response to sound (see section 1.4.2).

Some sound level meters include an additional weighting network-

D, which simulates the frequency characteristics of a noise level

curve with 40 Na. to evaluate the airplane noises. The frequency

characteristics of weighting networks-A, -B, -C, ard -D are

shown in Fig. 1.17.
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C-series condenser microphones
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Figure 1.17 Frequency characteristics of weighting

networks -A, -B, -C, and -D

In noise measurements, Network-A is usually specified for

the sound with more than 55 db, called the A-sound level as

expressed by dBA; network B for the medium intensity sound with

55-95 db, called the B-sound level as expressed by dBB; and

network C for the stronger noise with more than S5 db, called

the C-sound level as expressed by dBC. However, as stated in

Section 1.4.2, network-A is always used in recent years in the

noise measurements arid evaluations, whethler trie sound is str-in_

or weak. This is because of the fact that A-sound level is

closer to human ears' perception characteristics to noises. !,'or

some sound level meters, such as the Model -1207 sound level meters
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from Denmark, there is only the network-A, without other networks.

In noise measurements, one has to only read out the values

on the A-, B-, and C-scales of a sound level meter in order to

roughly estimate the frequency characteristics of a noise, with-

out usins a frequency analyzer. As shown in Figure 1.1, if the

readings are tiie same on the A-, B-, and C-scales, theu the nuise

sound energy is mainly concentrated at the high frequency bands.

Therefore, the noise shows high frequency characteristics. If

the A-scale reading is higher then the C-scale reading by 1-2 db,

then the noise has a peak value between 2000 and 5000 Liz. If Lhe

C-scale reading is equal to the B-scale readitng and is greater

than the A-scale reading, then thje noise has a medium frequency

characteristics. If the C-scale reading is greater than tue

B-scale reading, which is greater than the A-scale reading, tben

the noise has a low frequency characteristics.

Currently, there are two kinds of sound level meters: the

general and the precision meters. International Llectrical

Engineering Council (IEC) has standard specificati.ns fir these

two kinds of meters: The general sound level meters have a fre-

quency range of 20-000 iz, while the precision meters have a

frequency range of 20-12500 Lz.

Most sound level meters can not be used ti measure impulse

sound. Impulse sound level meters have to he used, e.g., thie

Denmark-manufactured Model 2204 and 2209 sound level meters.

Sound level meters of this tvpe have already taken into acctiunt

the perception characteristics of human ears towards impulse

sound. They also have D-networks, and can be used fir airplane

noise measurements. 37



S,)und level meters' indicator readings are effective values.

There are fast and slow damping for the indicators. For measur-

ing noises with small fluctuations, fast-scale should be used.

When the fast-scale-measured noises have fluctuations more than

4 db, slow scale should Lhen be used.

Sound level meters are generally powered by batteries. it

is necessary to check the voltages before use, to check whether

it satisfies the normal working requirements of the sound level

meters.

Sound ltvel meters also require regular calibrations. For

the sound level meters by the Denmark B & K Co., Model 424 0 Noise

Generators from the same Co. can be used for calibration. They

produce constant noise level at l() db. Model j'2)L0 piston type

generat-ors produce constant sound pressure level at 124 db. 1'or

the sound level meters manufactured by the Kiang-Si Red Sound

Lquipment Factory, Model Nxt) piston type sound generai: rs, Whici

proiduce sound with 124 0.2 db, can be used. .'or those sound

level met, rs without standard noise sources, calibrations can be

made roughly in a weaving room ,f a fabric factory. This is

because a typical weaving room has a constant noise of 104-1 b.

". Frequency analyzers: Frequency analyzers are etuipment

f)r analyzing the frequency spectrum of io ises. Thev are composed

mainly of amplifiers and wave filters. If a noise passes thirugh

an jctave band filter, one can obtain an letave hand frvjivUericv

spectrum of the noise. If a noise pases throruh a third-)etave

hand filter, one can obtain a third-octave band frequency speetrum

of the noise. If it passes thrugih a narrow batidwidth filter,

one can then obtain a narrow bandwidth frequencv spectrum nf the nese.

3e
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In the measurement of aerodynamic machinery and sound

suppressors, octave band and third-octave band frequency

analyzers are generally used. The central frequencies and the

corresponding frequency ranges for octave band analyzers are

shown in Table 1.3. The central frequencies and the corresponding

frequency ranges for third-octave band analyzers are shown in

Table 1.8.

Table 1.8 Central frequencies and corresponding

frequency ranges for third-octave band

frequency analyzers (IEC)

50 45-56 00. 3-! '

63 56-I' 12I00-100

80 71-00 I600 14(00-! ,0O

GO112 .000 Z'40

125 112-140 .020 - S ,

360 14U- I b;) .150 2S -3550

200 !90-224 4000 3550-4500
250 24-2.80 5000 4500--60

315 230-355 6330 5600-7100

400 M -5450 sow0 "I I OG- 'W

!00 4,,0-56o 1OW0 9000-I 1200

630 5b0-7 10 _1:00 11200- 14000

800 710--9J0

Key: a. Central frequency (Hz); b. Frequency range (Hz)

Using the Chinese Model SJ-I general sound level meters,

Model TLB-l third-octave frequency wave filters, and octave

band wave filters together, one can make octave or third-octave

band frequency spectral analysis. It can also be done with

the Denmark Model "'203 precision sound level meters with Model

1013 octave band wave filters, or Model lc'lo third-octave and

ictave band wave filters. 39



Loudspeakers or sound level meters and wave filters can

also be combined to make a device called frequency spectrometer

(e.g., Denmark Model 2112, 2114 spectrometer). It can not only

measure the sound level, it can also analyze the frequency spectrum.

Model ND 2 octave band sound level meters, which are new products

from the Kiang-Si Red Sound Equipment Factory, are indeed the

portable frequency spectrometers.

Octave band analysis is often used in evaluating allowable

noise standards as well as the noise control standard. It can

also give a general noise indication for given equipment. For

aerodynamic equipments, octave band is enough. If detailed analysis

is required, third-octave band can be used. For tuned noise

and noise with pure sound peaks, or for tests on sound absorb-

ing materials and basic tests on sound suppressors, more detailed

analysis is required to determine the width of resunance peaks.

une can then use narrow band continuous analyzers based on

constant hundredth-octave bandwidth. For instance, with a

Denmark Model 2107 frequency analyzer, the bandwidth can be

adjusted between 6 and 29% of any central frequency. Extra-

plated continuous analyzers have even higher frequency selectivity.

Their bandwidths do not depend on the central frequencies, but

are 5, 20, 50, and 200 Hz. They are called constant bandwidth

analyzers (such as the Denmark Model 2014 analyzers).

Noise measurements with analyzers require a certain time.

une needs 8 measurements for an octave-band analysis, and 24

measurements for a third-octave analysis. To measure the
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frequency spectrum of a time-dependeat noise, such as fro)m a

passing-through automobile or a suddenly-approaching airplane,

measurements become obviously impossible. Instantaneous fre-

quency analy zers are thten needed. With the Denmark model 334e7

real-time analyzers or the Japanese model SA-IlU real-time anialyzers,

one can simultaneously (in fractions of a second) observe the

third-octave band frequency spectra on a TV' screen.

3. Automatic and magnetic-tape recorders: Automatic recorders

are equipment which automatically record siunid levels. Along

with frequency spectrometers, they can quickly arid accurately

measure, analyze, anid record the noise levels anid the frequeincy

spectra. They can also automatically recrd the time dependence

if noises. This brings great convenience to noise measurements.

The Chinese model SJ-l general so)und level meters, model

TLII-l band pass filters, anid model NJI rec-order ini a matched

set; o.r the Chiniese model NP-i fr(]ecc analyv er anid nmode 1 \j I

reco)rder in a matched unit cati bo)th serve the purpose t,) iut orna-

tically measure arid record the noise levels and] Frejiuerie spectra.

The Detimark model -1305 recorder arid model 2l11_ or 2114. fr.-.jnrcN

spectro-meter can also form a unit to aljtmatic;Illy analyze anid

recoird the spectra of octave band arid th irrd-octaive band.

,utona tic recorders can al~so he used t) meaisu r' t n timc )t,

sound mixing.

Magne tic tape rec. rders are a io called reorders. ji

can be tise( to) record no ises ,u ickly. Tb is is iart nu I ;ir-!

41



meaningful for field measurements. The recorded noises can

be later carefully analy:ed for their frequency characteristics.

With oscilloscopes one can also observe the travelling wave

shapes of any impulse noises and discrete noises recorded on

the magnetic tapes.

Magnetic tape recorders should have good frequency responses,

broad dynamic ranges, low background noises, and long-time

stability to avoid loss of fidelity.

In recent years, integral sound level meters also become

available. They are also called noise dosage meters. They can

integrate the sound levels as a function of time, arid bring great

convenience tj noise measurements.

1.3.2 Noise measurement methods and calculations

For typical noise measurement, A-sound levels and octave-

band noise spectra are mainly measured. Sometimes, in order ti

,Inallv-e the noise characteristics, sp;ect ra if third-,Jt ave hand

)r even narriw noise fr e q uency barid have to be determi ned. i r

,ierJniaiLit, noises, the measurements are mainly, in plerc ti un

siund levels, which are actually the 1)-sound levels. For machinery

evaluat ions, ine also has to measure the sound power a rd ti,,

di rooti)n l 21hijra( terstics if" the ri-jise source

1. :irple e f lid measurements: Iii industrial irid mirilria

I tr ins, tlbero art, many rn,)ise Sillres, ind thc size oi iii-

dlivildi lI rjms have also limited si/es. In rno, .st rn- surl.m-ni5,

rln(r phoriv.s sh)uld |e Svt as ( ise to the radiant surf 1 a , -)1

mael(rinories as possible. rhis uav, itin, direct s)urd fi ild )f

a ,liven no ise sjurce is laL r Pnouih, Su(l that interferences
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due to other noise sources or reflections are relatively small.

However, the distance can not be too close, otherwise the sound

field will not be stable.

Generally speaking, fir aerodynamic machinery situated

on ground in factories, such as air compressors, blowers, steam

turbines, etc. with dimensions around 1 m, microphones can be

arranged at 1 m away and 1.- m high to evaluate the radiant

noise if the equipment. If the equipment is very small, such

as small blowers, with dimensions less than 30 cm, microphones

can be set at 30 cm from the euipment. For medium size

machinery with dimensions around 0.3 m, the point if measure-

ment can be 0.5 m from the surface. For extremely large machin-

ery or dangerous equipment (e.g., airplanes, roJckets, cannons),

one can choose a position at 3-)-) m or even further away (e.g.,

,')m, ]OOm, etc).

If the equipment has iijn-homrugene,.)is radiant noise in

different directions, measurements should first be made at

different positions surrounaing the equipment. I m from them

and 1.3 m above ground. The main noise evaluation reference

is then based on data taken at a point where the A-sound level

is maximum. ither reference data include the A-sound levels

at several )ther points and the frequency spectra. otherwise,

one can determine the distributions of the noise in diferent

directions, thus determining the directional characteristics oI'

the eqtuipment's noise.
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Aerodynamic equipment's intake and exhaust gas noises often

override those radiated from the structures. To well design

appropriate sound suppressors, one has to carefully measure the

intake and exhaust gas noises in termns of their sound levels

(A-sound levels and overall sound pressure levels) and corres-

ponding frequency spectra (octave bandwidths, third-octave

bandwidths, narrow bandwidths).

For intake gas noises, the point of measurement can be

chosen at I m from the gas inlet, along the axial direction.

In order to understand the radiation behaviors, measurements

can also be made at 0.5-10 m or even further away from the gas

inlet, along the axial direction.

For exhaust gas noises, particularly those of high speed,

nigh temperature, and gases containing water and oil, microphones

should be set at a horizontal distance of 0.2-1 m from the outlet,

or at 0.5-1 m from the outlet in the 45 direction with respect

to the exhaust pipe. Measurements at large distances can also

be made to understand the radiating conditions.

The above-mentioned are metnods for field measurements of

radiating noises from machinery. If it is necessary to under-

stand the noise effect on health, the points of measurements

can then be chosen to be those *f workers' ears (people should

be away at this time); or where workers often work (e.g., work

benches, next to machinery, aisles). The heigtt of measurina

positions is that of the ears.
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To know the environmental pollution due to certain machinery,

the points of measurement can be chosen at those places of

interest, or at positions 10, 50, 100, 200, 500, 1000 m or even

further away from the noise source.

For street automobiles and tractors, the points of noise

measurement are often selected at 7.5 m away from the vehicles'

body, and 1.2 m above ground.

In every measurement, the point of measurement should be

identified, along with the model numbers of the measuring devices

and the working conditions of the equipment being measured.

To have accurnte measurements, one has to pay attention to

the following concerns: To avoid the interference due to back-

ground noises. The so-called background noises are noises from

the environment when the noise source being studied ceases to

function. If the ambient noises are stronger than the one being

studied, no meaningful measurements can be made. In general,

the A-sound levels of a noise source and the sound pressure

levels at all frequency bands to be measured should be higher

by 10 db than the corresponding ambient sound levels, tlie inter-

ference due to background noises can then be avoided. If the

differences are less than 10 db, Table 1.9 is needed for correc-

tions.

Table 1.9 Correction factors for background

no ises

- (db) 3 4 1 
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ii-- difference between measured noise and background noise

_-- noise level to be subtracted from the measured noise

For example, if the measured noise for a blower is 95 db(A)

and the background noise is 90 db(A), the noise of the blower

after correction should be 95 db - 2 db = 93 db(A).

In field noise measurements, apart from the correction fir

background noises, one should also be aware of the sound field

characteristics of the noise source. For instance, Figure 1.1S

shows the sound field distribution of a noise source in a garage,

the noise level at a given point inside the garage is a function

of the distance from the sound source. We should try to choose

a point of measurement in far-away free field areas. Such areas

can be roughly found, based on the principle that noise level

in a free field decreases by b db when the distance doubles.

Key:

Ia. sound pressure level
b. free field
c. mixing sound field
d. near field

I e. far-away field

Figure 1.it Sound field distribution cf a
noise source

In noise measurements, the effect due to reflections should

also be avoided. otherwise, the measured noise is stronger than

the actual noise. To avoid reflected sound, micro)hones should

be set far away from reflection surfaces (such as walls,

other equipment, etc): in general the distance should be above

'- M. 46



Beyond the background noise and reflection effect, different

effects can also be caused by wind, electromagnetic fields, vibra-

tions, humidity, etc. Quite large errors can be particularly

induced by wind. Therefore, air streams should be avided. If

they can not be avoided completely, microphones can be modified

with covers or nose-cones.

2. ISU near-field measurement methods

For reference, specifications for near-field sound level

measurements proposed by the International Standards urganization

are listed.

To avoid the background noises and reflected sound effect,

near-field measurements are used, which measure the noise levels

near and surrounding the equipment of interest. In this method,

a surface surrounding the equipment (called the defined surface),

which has similar shape as that of the equipwent's surface, is

selected. The surface should be as simple as possible and allow

simple calculations. Its distance from the equipment is determined

by the actual situations, but should be as close as possible.

The average values of measured sound levels at several points

:n ,he defined surface are converted to a noise level for a reference

radius. If the defined surface bas an area of S (w-), the average

surface uoise level is Lp(db), the average sound level L ounpd p1'r

a semi-spherical surface with a radius d (m) is

Lpr = LPd - 20 log (d,'r), (I ."I)

where r = 11 -- effective semi-spherical radius ot t.ne defined

surface. 47



Using this method, the average error is 0.7 db if the

scattering of readings is less than 5 db. The average error

is less than 2.5 db if the scattering is within 10 db. Above

10 db, this meth d is not useful anymore.

For all machinery included in a given specification,

the reference radius is the same. Selection should be made

among 1, 3, and 10 m.

For instance, in near-field noise level measurements on 12V

four-stroke diesel engines (N = 1200 lp, n = 1500 rpm) in a

given diesel engine testing station, the points of measurement

can be chosen from a rectangular surface comprised of side/

vertical faces and top face (excluding bottom face) 1 m away from

the generator. A-sound level measurements are to be made at a

total of 29 points on this surface (b points each at the plane

it' the crank, cylinder, and compressor, 3 points along the

horizontal axis of the diesel engine; see Figure 1.19 for the

plane view). The average value of these A-sound levels (db(A))

is calculated, and then converted according to Equation (.21)

to the corresponding A-sound level for a reference radius d = 3 m

of a semi-spherical surface.

/.- 5. :: 37 5 ' '7,

I - -' diesel engine

-I - ! :!l :

Figure 1.19 Selecte r-,irjts for near-field noise

measu ..ts (plane view) for a diesel

engine 48



3. Method for measurements of sound power levels of

machinery: To more objectively express the noise charac-

teristics of machinery, the noise power levels and their

directionalities are often needed. This is because, under a

given working condition, the sound power level is constant,

not like the sound pressure level which varies with distance.

Meanwhile, due to a particular functional relationship between

the sound power level and the sound pressure level of a given

noise source, the latter at different environments and at

different points of measurement can be estimated if the sound

power level is known. Therefore, in noise control, sound power

level is an important physical quantity.

liowever, both sound power level and sound power can not

be directly measured. They are calculated under special con-

ditions from the measured sound pressure levels. There are

generally four methods for determining and calculatin- soun(I

power levels and sound power: free-field method, expansion-

field ruethiod, semi-expansion-field method, and near-field

method.

Free-field method: In a free field,

L = L + 10 log S (db), (1.22)w p

where L -- sound power level: L -- average sound pressure
w p

level: S -- surface area of the testing sphere (or semi-slphere).

r is the measured sound pressure level at the sphericalp

surface (or semi-spherical surface) with its center at the

maciine ard a radius of r. The value of r should he chosen to
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be large enough such that the sound pressure and the particle

velocity are in phase at the point of measurement. Under normal

conditions, r is twice the dimensions of the machine.

If the machine is located inside a sound suppression room

or other more ideal free-fields, the sound source radiates a

spherical wave, then Equation (1.22) changes to

Lw - Z, + Olog4wr 3 -L, O, + 20log, + M (db), (1.23)

where L -- average sound pressure level as determined from severalr

points on a spherical surface with a radius r.

If the machine is set on hard outdoor ground with no reflec-

tion from surroundings, or the dimensions of the sound source

are much smaller than those of the room, where no reflection

occurs, the sound source radiates semi-spherically. Equation

(1.22) then changes to

L T, + lOlog (2=,r) - L, + 20 log r + 8 (db), (1.24)

where L -- the average sound pressure level as determined from

several points on a semi-spherical surface with a radius r.

In directionality measurements, for a spherical radiation,

then

DI = Lp - L (db), (0.2)

where DI -- directional characteristics in the direction 9f

measurement; L -- sound pressure level at a distance r from

the center along the direction of measurement; Lps -- average

sound pressure level on the testing spherical surface with a

radius r.
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If the machine is set on ground, radiating semi-spherically,

then, DI L - L + 3 (db) (1.20)then D p Lps-s o

where L is the average sound pressure level as determined from the

semisphere with radius r.
Expansion-field method: In an expansion-field (e.g., sound-

mixing room, or rooms with very long sound-mixing time),

L = L + 10 log R - 0 (db), (1.27)w p
$a

where R -- room constant; S -- total surface area

of room, m'; a-- average sound absorbing coefficient for the

interior surface of room. or,

L = L + 10 log V - 10 log T - 14 (db), (1.28)w p

where T -- sound-mixing time; V -- room volume, m3 .

The expansion-field method does not yield directional ciiaracteris-

tics. Furthermore, its accuracy is related to the flatness of

the noise source's frequency characteristics. It is not appro-

priate for machinery with peak frequency components.

Semi-expansion-field method: A semi-expansion-field, where

the room does not absorb completely or reflect completely, is

between a free-field and a sound-mixing field. (This is often

encountered in field measurements.) The following equation can be

used for measurements and calculations:

nj l o g ( - L~ +' ±) (d b ).

Calculations of this kind are tedious and not very accurate.

R,:cently, sound power levels are also determined by the standard

sound source method.

The so-called standard sound source is a special sound source

which radiates enough homogeneous sound power spectra over given
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frequency bands. Such standard sound sources have their sound

power levels L first determined it laboratories, before they
ws

are used in field measurements. The average sound pressure

level p is measured from the semi-spherical surface with aP

radius r(m) and the noise source as the center. After turning

iff the noise source, average sound pressure level L is de-

termined at the same position with the noise source replaced by

the standard sound source. Therefore, the sound power level

fir the noise source being investigated is

Lw L +"L - Lp (1.30)

It is easier and more accurate to measure sound power

levels using the standard sound source method.

The semi-spherical expansion-field method can irly provide

limited information on the directionality of the sound radiation.

\ear-t'ield method. If because _)f the shapes anl installa-

tiin co)nditions of a noise sdurce which make the ab.)ve-mentioried

meitlijds impractical, si)und power levels of the sound source

cain then be determined by the near-field method. Jv using

Lijuatiin (1.2]) t, find L and substItutinlg it into &Luation
pr

(I .24, the sound power level of a given machtie cau be obtained.

in recent years, due to tue popularity of A-sound level,

another term ,-pwer level is tutro)ucli . It is tlw .4-wei'_11til]u

sound pojwer l,1vel. Cailculations are stil I t,) bc- done accordin,

to LquatiLris (1.Z - (1 .- )). lwever, L %Iaiid L it the eluiatijlns

are replaced b L.W and L
A
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4. Calculations of loudness level and perception noise

level: The loudness level is calculated from the following

method, after the sound pressure level of the noise is first

measured: The octave-band or third-octave-band spectra are

first determined, followed by converting each ffe(tuency band's

sound pressure level to the loudness index using Figure 1.20,

then the total loudness level is calculated from Equation (1.32

S t = Sm + F(ESi - Sm) (sone), (1.31)

where St -- total loudness, sone; zs, -- sum of the loudness

indices for all frequency bands; Sm -- the maximum value of

individual loudness-index; F is determined by the bandwidth

used in spectral analysis:

bandwidth F

octave band 0.3

third-octave band 0.15

After the total loudness S is calculated, the total loud-

ness (sone) can be converted to the total loudness level (phoni)

using Eouation (1.20) or the curves in Figure 1.21.

If accurate calculations are not required, the total siund

pressure level L0 and the A-sound level LA can be read out from

sound level meters. From the difference between L. and LA , the

value of (phon-Le) can be found from Figure I.B2I. 1y adding

this value to L , the loudness level (phon) is obtained, or,

with the values of Lc and LA9 the loudness level (phou) is directly

found from Figure 1.22. The loudness value (sone) can theii be
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calculated from Equation (1.20).

120[ C-
I )

113

100- -iO
so

Key: A.0

a. loudness index 25

b. octave-band sound
pressure level (db) Ii12

c. frequency (Hz) 7

25

2.

201-

Figure 1.20 Lqui-loudness Index table

7 C Key: a. phon -dBc

6 4 2 b. dBc-dBA
0 2 4 6 9 IQ 2 A .5 2V 22

Figure 1.21l Estimation uf the loudness levels frim
the A- and C- weiglhting network reading.s )f suutid

Key: level meters .

a. scale-c reading on a
sound level meter (dBc)

b. phon
c. scale-A reading on a ~ ~

sound level meter (dBA)

Fi~'urA I.2 esiato 4 , iU V, 20of the u ness level (pljn)
fru)m the i- anid C-weighting network read ings it
sound level meters 5



For example, we obtain the C-scale reading of tie noise

sound level L =130 db for a given generator, the A-scale read-
C

ing is LA =122 db. From Figure 1.21, the (phon-dbC) value is

b, corresponding to dbC - dbA = S db. Therefire, the loudness

level of the generator is

L s = dbC + (phon - dbC) = 130 + b = 13o phon.

For perception noise level, a similar method is used for

calculations. The octave or third-octave band sound pressure

level is first measured fur a given aeronautic noise. From

Figure 1.13 the noise level for each frequency band is oUtained

from the equi-noise level curves, and the overall noise level

IT is then calculated from Equation (1.32):

NT- N- +F(ZN-N.) (NOYS)

where Nr -- the maximum of the noise levels; .I-- sum of The

frequency band noise levels; F is determined from tue fol1jwnii_

table

Bandwidth I'

uctave band 0.30

Third-Octave band 0.15

Theu, foI lowing ir quation (1. 33) o r Table ].19 ,d iiLjrc

1.14, the total noise level cani be converted t the 1pe rctlti ,

njise level.:

Total 1'N db = 4O 35.3 I ! . .)
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If accurate values are riot required, the total sound

pressure level L c and the A-sound level LA can also be read

out from sound level meters. The difference L - LA is obtained.

From Figure 1.23, the value of (PN db - dbC) is fJund. The

sum of this value and dbC is the perception noise level IPN db.

or, directly from Figure 1.214, the PN db can be obtained from

the values of LA and Lc .

In recent years, sound level meters with a D-network have become

available. Therefire, with Equation (1.-3), the perception

noise level can be directly calculated from the D-scale readin:

Perception noise level PD dh = LD + 9. (1.3)

This way, measurements and calculations are greatly simplified.

For example, a given airplane has a noise with L 10 db, its

perceptioan noise level is then 140 , 9 = 149 (PN db).

Table 1.10 \oise level (NOYS) converted to perception

noise level (11N db)

4i: : ; '.: I I , 1.5 ~ I 1 4 1.9 2 2"2 2 .7 32 ) 5

1 , 44 41 4A, 4- 44 4) 49 1 Si4 '0

%7

64 h t. f, R e

ni' S22 '2 4 .. Q4.~ QS

-N 3 4 7~ 10 ' 5 - AS i~ nol

0' , , 1' j'' HO ', q 200 20 25 2 - q53 2 '7 2.

. 1 7 PO I_ , rO ) "00

A_ I 1" 5' 4" 45 .

Key: a. NOYS; b. PN dh
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Perception noise level [PN dbl - dBC

.1 I

-2 11 4 0 10 1 t, 1 8 n0 ZZ 24

dBC-dBA

Figure 1.23 Line diagram for estimation of perception

noise level from the C- and A-scale weighting

netva'rk readings of sound level meters

Key: rA. ___

a. Scale-C reading on a c30
sound level meter (dBC)Q''

b. PN-db 10
c. Scale-A reading on a -- ~ t71

sound level meter (dBA) ~~~

20 G-4

F'igure 1.24 Lstimation of perception noise level fromi
the C- and A-sca le we igh tinrg nietw, rk if sound

level meters
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1.0 Allowable Noise Standards

To what degree should noise be controlled to be most

reasonable? Is it best to completely eliminate noise? No,

this is not necessary, and not economical. In factories and

cities, it is most important to make sure that no deafness or

other diseases are caused by noise. Consequently, there is

a need for standards to safe-guard hearing and health. To

guarantee that living and working areas (such as residential

areas, industrial areas, business districts, institutions,

schools, hospitals, etc.) are not disturbed by noise, we need

noise standards for different regions as well as different

locations.

Noise standards are very complicated. They are related

to acoustics, psychology, physiology, health science, and the

technology arid economic conditions. The following are the

noise standards (ISu standards) recommended by the 43rd Techni-

cal Committee (acoustics) of the International Standards

u r-anizati:n.

l.0.l Noise standards as expressed in terms of noise ratina

\R values.

The ISO standards of 1901 as shown in Figure 1.z3 are com-

posed of a group of noise rating curves (i.e., \R curves).

Their noise level range is between o and 13(0 db, arid a fre(:ttrcy

range of 3-M)'~() 1lz in eight frequencv bands.
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In this group of noise rating curves, the sound pressure

level of the octave band at 1000 lz is equal to the noise rating

value N. The relation between N and the sound pressure levels

for the octave bands at 03, 125, '250, 500, 1000, 2000, 4000,,[

and SO0 liz is as follows:

L = a + b\ (db), (1-35)

where a and b are constants, with their values given is Table

1.11.

To make a convenient reference, the corresponding sound

pressure level for an octave band for the noise rating values

N is also shown in Table 1.12.

1. Allowable noise standards for hearing protection: For

hearing not to be damaged by noises, one should first cinsider

the noises 3f three octave bands at 500, 1000, and 2000 liz f-or

general conversations. For a broad frequency band noise i itii

continuously more than 5 hours daily, at 500, 10(0, and '1000 dIz,

the noise rating value is set not to go beyond N b3.

Under certain conditions, with less than 5 hours daily

for a hroad band noise, one can allow a standard higher than

N -3. The upper limit is determined by Figure 1 .2,. This

standard allowing 12 db is based on the temporary audible

field shift 1 ) at 2000 liz. Thi s iS shown in Figure 1.2 ) bv tiie

dashed lines. As confirmed by hearing tests, cmntinuously

1) Under the influence of noises, he-iring abilitv if human

ears decreases; after a certain time with the noise stopped,

hearing ability will recover. This effect is called thp tfi-

porary audihle field shift.



12

130120 Key:
110 a. octave band sound pressure

10 t 120 level (0 db = 2 x i0 -  N/m2)
100 115120

110 -95 b. central frequency of octave
l90 band

10 0 c. noise rating value
75 95 100

go -70 ....
65
60 90

F so 7 90
70 .s 1 70 ?

125 22065 ab. i

25 70

500 4. S. 7

260
W so _x so 5

is 50
10 so.-

5 0 5

30 30

223

11 2 S

0 10~

0 L 1

62.5 250 xw )

Figure 1. 25 Noi -;e ra t 1: ~ u'c

Table 1. 11 %alues ot a i

0335.5 a 0 c. otav e ba n L
125 2..0 b. dib

250 12.0 f.10

500 4-8 -0. '74

1001) 0 i.0100

2001) -3.5 I .15

4000 -6.1 1.025

8000 -8.01.3
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Table 1.12 Corresponding sound pressure level (db)

for each octave band ith a noise rating value Nl)

N 63 1 125 250 500 1000 2000 4000 8000 Key:

0 3 a. An additional octave

band with 31.5 Hz was5 39.4 26.3 16.6 9.7t 5 1.6 1-.0 -2.8 added in 1971 to the

1o 43.4 30.7 21.3 14.51 LO 6.6 4.2 2.3 ISO noise rating value
15 47.3 35.0 25.9 19.4 1 11.7 9.3 7.4 curves. The values

are listed in the20 51.3 39.4 30.6 24.3 20 16.8 14.4 12.6 following table.
25 55.2 43.7" 35.2 29.2 25 21.9 19.5 17.

30 59.2 48.1 39.9 34.0 30 26.9 24.7 22.9
35 63.1 52.4 44.5 38.9 35 32.0 29.8 28.0

40 67.1 56.4 49.2I 43.8 40 37.1 34.9 33.2

45 71.0 1 61.1 53.6 48.6 45 42.2 40.0 38.3

50 75.0 65.5 58.5 53.5 50 47.2 45.2 43.5

55 78.9 69.8 63.1 58.4 55 52.3 50.3 48.6

60 82.9 74.2 67.8 63.2 60 57.4 55.4 53.8

65 So.8 78.5 72.4 68.1 65 62.5 60.5 58.9
___________ I I _______

N__ 63_125 250J 500 10 200 400)0 "000

70 90.8 82.9 77.1 73 70 67.5 65.7 64.1

75 94.7 87.2 81,7 77.9 75 72.6 70.,

80 08.7 91.6 8b.4 82.7 80 77.7 75., 7-. 4

85 ;02.6 95. 9. 9h. 87.6 85 82.8 bl.0 7

90 10o.6 100.3 95.7 92.5 90 87.8 8t. 2

95 110.5 104.6 100.3 97.3 95 82.9 91.

100 114.5 109.0 105.0 102. Z3 98.0 961. ,' 0

105 18.4 113.3 109.6 107.1 j lO 103.0 101. 100 0

105 122.4 117.7 114.3 111.9 110 M0S.1 108.7 li0.

115 126.3 122.0 118.9 116.8 115 113.2 110.7 10 4

120 130.3 126.4 123.6 121.7 120 118.3 116.9 11F. f

125 134.2 130.7 128.2 126.6 125 123.4 122.0 120.7

130 138.2 135.1 132.9 131.4 130 128.4 127 2 125. 9

91) 1 71  f 150 4 ISO 31 .T- 531.5 ;L

5 10 15 20 25 30 o
31.5 

1  
5,4 58.8 62.2 h5.f) 69.0 72.4 7 . 7 7.,,

______ 4 0 55 .0t t); 7 li~
_31.5 1 86.0 89.4 9Z.9 (M.3 04. 1O~ U)n~q U +' 1 .

N 1 9 100 F7 To I ) 1 12)3 I 2o
31.5_ 116.7 120.1 123.; 126.94 11 0.3 1;3.7 1",.I 1-n. '
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working for 5 hours at N S5, followed by a 2-minute stop, the

audible field rises by 12 db. At higher noise rating values,

one reaches this stage at a shorter working time period. The

relation is shown in Figure 1.26. Therefore, if the noise

effect lasts for 50 minutes, from Figure 1.2b, the allowable

standard is N 95.

Ok. L i Key:

- -. a. temporary audible
S -fied shift (db) at

__ 2000 Hz
b. action time (sec)
c. noise rating value

K d. recommended allow-
I able value for temp-

orary audible field

; -0 shift at 2000 Hz

Figure 1.2b Noise rating values for short working

periods

Under certain conditions, the effect of broad band noise

in a w rking day is not continuous. The allowable noise curves

are then determined in Figure 1.27. The abscissa is the time

period (minutes) of the noise effect, the ordinate is the time

interval between noise occurrences. The dashed lines indicate

the number of times daily for the allowed effect. The solid

lines indicate the noise rating values N.
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For example, in an eight-hour working day with 20 minutes

working for each 2 hours, the allowable noise rating value is

N 100.

Allowable noise standards for comprehensible conver-

sations: Under normal conditions, conversations at a distance

wituin 2 m can be clearly heard. Therefore, one should also

consider the conversational frequencies at 500, 1000, and 2000

Hz. Table 1.13 shows, at different noise rating values N,

the relation between the distance and the degree of comprehen-

sibility. The N values should be calculated from the sound

pressure levels of 500, 1000, and 2000 Hz measured at the human

ears' positions.

For telephone conversations, Table l.li should be used.

3. Allowable standards based on the interference of noises:

These standards are introduced because of the fact that noises

interfere with normal work and rest, and that noise makes people

feel disturbed and uncomfortable. Therefore, the standards are

different between day and night, summer arid winter, city and

countryside, as well as between continuous and pulsed noises.

For instance, nighttime should be quieter titan daytime, arid

summertime (with windows open) should be iuieter than winter-

time (with windows closed). Accordingly, the standards snould

be higher for nighttime and summertime than for daytime and

wintertime. Pulsed sound makes one more uncomfortable than con-

tinuous sound does. Therefore, the restrictions on pulsed

sound are more stringent. 63
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The methlod of determination involves first the calcula-

tions, within the frequency range 31.5-6000 Hz, of the _N value

from the measured octave-band sound pressure level of the noise,

then comparison with Table 1.15 and 1.1b, followed by corrections

with Table 1.17.

I Key:
____ ka. time interval (min)

-~b. allowable number daily
I- - -c. noise rating value

( TV

Figure 1.2 Liisfrpusdnie

Table 1.1

'0 14 * K ev

45 a. noise rating value N
10Z b. distance (in) for norma

55 k conversation
61) U. c. distance (m) for loud

0 conversation

702

0.07 14

85 0



Table 1. 14

50 W

60 M4

75 $
75Iac U i F T1

Key: a. noise rating value N; b. above 75; c. conversation
condition; d. good; e. with some difficulty; f. diff-
icult; g. impossible

Table 1.15 Evaluation standards for noise interference

20-30DIttyrf

30-40 Q,", , T,
40-50 ;kM,& ,fV#I)41*t

50--60

60-70 I-

Key: a. noise rating value N; b. location;
c. dormitory, patient room, T% room, residence, theater,

conference room, reading room, auditorium;
d. large office, store, institution, small restaurant,

meeting room;
e. large restaurant, classroom, office with typewriters,

high school
f. large typing room; g. factory

Table 1.i

1. 16 ELA(

40 aj .\.) *f

40-50 T f L

45-55 'A I 9!
50 L4 D ';z

Key: a. comments from residents; b. correction value of N;
c. below 40; d. above 50; e. comments; f. no comment;
g. comments from a few people; h. comments from many people;
i. many complaints
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Table 1.17 Correction values for noise rating values

(mainly for residential areas)

,t j*; -*'.-T)' - -

S 0

0 z -. . ... ~

r S 11

- +.-

P - 1-1 -t

1-10 r,'t

0 -2 3

-25

I - i. .... . - . ..

resientl.aI area inl the'
ight Inustr'ai areas . .

heavy indiustril areas

.evIsed num-bers -f :I values-
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l.o.2 Noise standards based un A-sound levels

In 1967, the International Standards urganization introduced

again a new ISO noise evaluation based on A-sound levels. There

are conversion relationships between A-sound levels and noise

rating values NR. For most noises (with the exception of aero-

nautic noises), the NR values are lower than the A-sound levels

by 5 db, i.e.,

LA = N + 5. (1.36)

1. Allowable noise standards for hearing protection: To

protect hearing, the allowable noise standards are defined,

based or, the working time period under the noise conditions.

For inst ance, with an b hour working period, the allowable

A-sjund level for continuous noises is 90 dbA. Wiith half of

the time period, the allowable noises can be raised by 3 dbA.

If the daily working period is 4 hours, the allowable noise is

95 dbA; and 9o dbA for a L hour working period. The upper limit

is 115 dbA. That is, under all conditioms, the noise can not

,o beyond 115 dbA in ,rder to protect hearing±.

Recently, it has been suggested internationally that the

allowable continuous tioise is 95 dbA for a daily work of n

hours. This number has been accepted in several eountries.

Under many conditions, ttie noise levels in factories are

riot c )nstant Furthermore, operators do not wo rk under a ive i

noise level either. To take th is into consideration, 1Su

iritr)duced in 1971 another noise evaluation standard based in

eylii-effect continuous A-sound levels.
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The definition of an equi-effect continuous A-sound level

is: In a certain position in the sound field, and in a certain

time interval there are several discontinuous A-sound levels

prevailing. Based on the average energy, one can use one A-

sound level to express the strength of the noise in this time

interval. This A-sound level is called the equi-effect con-

tinuous A-sound level. The equation is

Lee - 10 log (±2 10G ) (db)

(1.37)

where Lee-- equi-effect continuous A-sound level, db: T-- tieee,

time interval under consideration; L-- the instantaneous value

of the varying sound levels.

From quation (1.37) it can be seen that, for a stable noise

over a period of time, the A-sound level is th.e equi-effect con-

tinuous A-sound level.

ISu introduces the concept of a weekly equi-effect .A-sound

level and its regulations: If there is only one constant uon-

tinuous noise effect, then the equi-effect continuous A-sound

level is just the A-sound level. For instance, if the noise

inside a certain machine room is stable, and the total number

over a weekly 40 hour period is 100 dh(A), then th~e equi-effect

continuous A-sound level is also 100 db(A). in the other hand,

if the noise effect is not constant, but is changing with time,

then the equi-effect continuous A-sound level ftr that noise is

Lee db(A) = 70 + 10 log E, (db), (1.38)

S= ( ,,/'40) 1,)'l(Li
- () , (1.39)
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where E.-- exposure index corresponding to the noise portion

with its sound level (A) equal to I. ; At i-- time period for

the weekly 40 hours' sound level L i db(A)t
- 2.5 db. For instance,

consider the noise inside a machine room. In a 40 hour period,

there are 20 hours with 110 db(A), 10 hours with 90 db(A), and

10 hours with 100 db(A). Then the equi-effect continuous A-sound

level for the room is

tee - 70 + 10 log t E,

- 70 + 10log [2010"0.1Q9o 7 + 40 lOO.c)-:,o +
L40 40

+ L10°.1I"-] - 107 db(A)

Based on the equi-effect continuous A-sjund levels, ISo

has investigated the noise exposure of a large number of workers

with different working periods. The noise-caused deafness rates

were studied (see Table 1.18). From this table one can see ti at,

with Lee below SO db(A), the hazards are null. No noise-caused

deafness occurred. It took 40 years at S5 db(A) to reacii a

hazard rate of 10%, 10 years at 90 db(A), 5 years at 95 db(A),

and less than 5 years at above 100 db(A). Accordingly, under

normal conditions, Lee of 85-90 db(A) is the allowable noise

standard for hearing protection.

.. Lvaluation standards based on noise interference: ISu

again introduced in 1971 the A-sound level standard based on

social reactions. The main point is that the allowable noise

is 33-45 db(A) for outdoors in residential areas.
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Table 1.19 gives correction factors for the ncLse staniaros

at different time periods.

Table 1.20 gives correction factors for the indoor noise

standards for residential areas.

See Table 1.21 for the correction factors of noise

standards of different areas.

The outdoor noise standards in residential areas can also

be expressed in Table 1.22.

Table 1.23 shows the noise standards for non-residential

areas.

Table 1.lS Relationship between the 0-45 years' equi-

effect continuous A-sound levels and the hearing hazard

ra tes

t ....i . .. i

t*71

n r a -. e r" CL

C f . r2 , '-"1'70

* ... '. . . .. - "" " - " ;, r C - , " - - . .. . - -

- . r q .... .. ..- f :- ,'a' '= . .

~~. !
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Table 1.19 Correction factors for noise standards

at different time periods

Table 1.20 Correction factors for indoor noise

standards

Table 1.21 Correction factors for noise standards

at different locations
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PIP->

Table 1.2-2 Allowable A-sound levels for residential

areas' outdoor noise

_____ ___r A

3; 30
40 35 3

45 40 3'

z' 5 0 45

c C3

- a.. . .. -

Table 1.23 Allowable A-sound levels for non-

residential areas' noises

In recent years, studies havIe been made on i100 factor ies'

N is e by Lhe "Industrial Noise Standards LResearch" Group

supported by the eijing ,orkcrs' Prtecti,n and Science

Rescarch Institute, the Peijirig otorhitInlarvniio logy liesearch

InIstitute, the Ch incse Sc ietice Academys Pseh.lo sy }Deseareh

Institutp, the Peijiti, MedicaI Institute, tho I'eijinl Munieipal
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Health and Epidemiology Station, etc. Analyses were done on

tire effects of different sound levels on close to ten-thousand

workers of varying working years, in terms of their hearing,

ear-nose-throat, blood pressure, pulse, EKG and nervous systems.

These led to the relationships between the A-sound levels and

hearing, the A-sound levels and changes of LKG(ST-T), and the

A-sound levels arid incidence rate of nervous breakdowns. They

also evaluated the principal frequencies of mandarin. Based on

these, they have summarized the noise effects on hearing,

coronary, nervous systems, and proposed the following industrial

noise standards: For new industries, machine rooms should not

have noise standards exceeding S5 db(A). Consequently, over

95c of the workers will rot become deaf over long working years,

and most of them will riot have noise-caused cronary and nervous

diseases. For existing industries, considering economic and

technical conditions aid feasibilities, the noise standards

can be temporarily set at 90 db(A), arid gradually reduced to

-_ db(A).

At the same time, the Peijing Workers' Protection and

Science Research Institute also tested and analvzed the environ-

mental noises of 5O streets. Close to ten-thousand residents'

psychological and acoustic reactions were investigated and

studied. According to the results, they have made statistical

arid psycho-physical evaluations. They pr)iposed ilte -- 1[[wili±

suggestions for the residential noise standards ricar factortes:

Daytime (n a.m. to 10 p.m.): 50 db(,k), ni-uttime (10 p.m. t,)

a.m.) : 4- db(A).7



Chapter ' Aerodynamic Noise

Following the development of modern industr: and scientific

technology, aerodynamic machinery has more and more applica-

tions. It becomes the necessary equipment in Loth djmestic

economics and defense industries. However, aerodvnatoic pr'Jcessess

all produce noises, and these noises are more often encountered

and more dangerous. Particularly for the modern technological

development, aerodynamic machiaery promoted greatly Lne power

efficiencies, and increased rotating speeds, tVus also geinerated

strinler noise. For instance, large scale turbine rtgtnerator

systems, high pressure/large volume exhaust streams and jet

airplanes have noise power levels as high as 15t)-lu db. The

sound power is as high as IUOO-10000 watts. For saturn rockets

the sound power levels even react, 195 dli, atid tt,e sound power

reaci,es u-'-J nillion watt.Fb ore hight SoUrld intensity aer)-

d -namic no ises not only seriously damage human jiea 1th , hut a I s;

lead to the failure of automatic c)ntrol euiptment aid sensitive

testi, facilities through "acoustic fatigues". Therefore, tot!

cjntrfl of aerodynamic noise has special meaninf in modern

I echn) loi

Ihe production mec ha nis m a rid p r'i ,e.rt te s.) f o iPr d \-na IIIiI

tiotse are discussed below.

- I i'orma tion of aerodynamic no is acd

the types 'of t ,e s i a rd sour(ce s

.kerodvtamic roise S5 pr)duced tLrou-I ti, inst.alile i ,riciss(s
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of gases, or the disturbance )f gases and the interactions

between gases and materials.

Turbulent gases have the continuity equatia n

P~ + _ =i'

where p--- density; v, --- wind velocity in the x. direction:

t --- time: , --- flux from source per unit time and unit volume.

The motion equation

(Pf,) + - (pv.iv, + pt,) - Fi,at ar,( ,. .. )

wniere F. --- the generalized force in unit volume; p v v ---
I 1 .1

siear compressive stress tensor: p., =ps,, + 7 - . 6
a~. ax, 3 dxk

--- pressure and viscosity-related compressive stress tensor;

'7--- viscosity coefficient.

1 when i =j

U when i ,

Differentiating (2.1) with respect to time Lia t.o differen-

tiating (2.2) with respect to x., through maa iulatiotns one obtains

a3 O _ Oj a' __

at 2  at r, Fx, PI +

arid iurther obtain S

a' p , T _ 2 F , a' ,
ar 0 az O, ax,,, (a.tI)
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where

Ti- p, 0, + p, - ' pd,.(

From Equation (2.4) it can be seen that, when the flux Q

frm source varies with time, the genleralized force F. varies witL

space, or the cimpressive stress tensor 'T varies, aerdnamic

noise will be produced.

In general, for sound radiation problems, one has to solve

the wave functions with certain boundary conditions. The atoe-

watical derivations are very complicated. The simpler way is to

find solutions for basic spherical radititons. uf course, tijis

kind of radiation is idealized. But it has real mieaiuig. This

is because most radiators are similar to spherical sound sources

when their dimensions are much smaller than the wavelengiths. In

addition, many complicated sound radiations catl be resolved into

s.ound radiations of simplified configurations. ;or aerodvnamic

no ises, in terms of ttue sound sourcP characteristics, there are

three main groups: single source, dipole source, atid quadrupule

S ,Li rc e.

Single source is also ca led zeroti order source. When hiah

speed streams are periodically e:xhIaus ted from the outlet, or wihen

steady streams are periodically shut off, then the flu- y fr)m the

souree varies WiiL time and jr 'duees a s111 le-source radiati oi.

.' single source re-,emules a pulsed sphere. It evenly expands

and c)ntracts. Its radiati)n directio|nality is spherical (Ft'_urt:

I). The wavP functiri of a single source radiation is
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Or I

(2.b)

where q---velocity potential.

a. sound source category

b. schematic diagram of

sound source

c. radiation characteristics - ______

d. directionality A,

e. sound power

f. single source ee VL

g. dipole source

h. quadrupole source

Figure -. 1 Radiation categories of aerod-,namic noises

Following certain mathematical derivations, [2,3,5,7,8] one

can obtain the sound power of a single source

W oc pL L-P Lvu3 M,C (7.)

woere p--- gas densit,, kgm 3 ; L--- relevant length, n: v ---

flow rate, mis; c--- sound velocity, m/s )!--- Mach number, elual

to vc, dimensionless.

Double source (dipole source): Double-source radiation

occurs when stream and materials interact such that tL(e -c'fcrai -

lized force F. varies with space. blowers, air hiandlers, eLu.1

have noises of this kind. 77



A double source can be viewed as a pair of single sources

with their separation distance shorter than the wavelength.

Its directionality is of the S-shape. The radiation is stronger

along the axis, and weaker in the direction perpendicular to the

axis (Figure 3.1)

The wave motion equation for a double-source is

r a risina6 r6

I 83q,

Following certain matoeratical derivation, [2,3,5,7,8] the

sound power of a double-source can be obtained as

W ppLI  P L MI3

(2.9)

,uadrupole source: Wh-en high sipeed gases are exhausted as

a jet, compressive stress tensor T. . varies t3 produce quadru-1ij

pol e radiation. A quadrupole source can be viewed as two pairs

)f dipole sources at ISO to each o3ther. Its directionality is

shown in Figure 3.1. The sound power of a quadrupole source is

P (2.10)

'2.2 'F'ari noise

Air handlers, blowers, propeller airplanes, rotating c.,-

pressors, motors with cooling fans, etc. produce no ise iuich

arises mainly from tLe roJtating fans.
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lan noise is composed of the noise from rotation and

noise from eddy currents.

Rotation noises: They are also called blade noises. They

are pr,,duced because the rotating blades periodically make impact

on air particles, and lead to fluctuations of the air pressure.

This pressure fluctuation can be resolved, turough Fourier series,

into one steady component and a series of vibration components,

as shown in Figure 2.2. The steady component is the required air

pressure for the aerodynamic equipment. The vibration components

are the rotation noise from the blades.

a. steady component

Figure 2.2 Sciematic diagram showing the Fourier

components of the rotation noise from

a fan

1, '-', and 3 are, respectively, the Ist,

"rid, and 3rd order harnmonic wave.

The frequency of tje roLation no ise is tile sameI as ti) k

riumber of impacts n air particles by the bldes. The va lie is

fi = (,I/.," nO) i, (-.11)
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where n --- revolutions per minute; i--- number of blades; i =

2,3,.... --- harmonic wave index. For a fan with Z symmetrically

arranged blades, when it rotates at i revolutions per minute,

the fundamental frequency of the rotating noise is

f, = nZ/6o. (2.12)

This fan has rotating noise with harmonic waves with f, = 2f

f 3 = 5fl' ...

For example, fur a Model K-4230 turbine blower, with tije number

of blades Z = 13, when n = 2600 rpm,

fI = nZ/U0 = (2tO0 x 13)/'o0 = 560 iz,

f , = 2f = 1120 1Iz,

f . = 3fl = lo'0 Hz.

Experimental results as shown in Figure 2.3 (analyzer is a

narrow band wave filter), peak values occur at )00, ll20, aud

lozgo kz.

a. sound pressure

level (db) O _ _ _ _ _ _

c. frequency (lIz),. 6.

Figure --. 3 Noise frequency spectrum i'f a -q'2-()

b lower

n 2)00 rpm. , = 'i230 mr)/min

Lddy current no ise: When blades rotate and pr-duce (:dd"

currents in the surrounding gases, such eddy currents will further
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break into a series of independent small eddy currents, due to

the effect of viscosity. The processes of eddy current forma-

tion and their breaking-up lead to the vibration of air, causing

the formation of compressive and expansive regions, resulting in

the occurrence of noise.

The eddy current frequency is

f. = sh(v/D)i, (2.13)

where sh--- Stowreu-Hali number, in the range of 0.14-0.20 and

generally taken as O.1S5; v--- relative velocity between the gas

and materials; D--- the projection of the front width of a body

in the direction normal to the velocity plane; i = 1, 2, 3, ...

--- harmonic wave index.

When tie fan rotates, the eddy current frequency is deter-

mined by the relative velocity between the blade and the gas.

The tangential velocity of the rotating blades varies with the

distance from the center of rotation. From the center tu the

maximum circumference, the velocity varies continuously. There-

fore, the eddy current noises of fans show clearly continuous

spectra.

As far as fan noises are concerned, the rotation noises

dominate for machinery with high power and large tangential

velocities, such as airplane propellers, large blowvrs, vTc.

un the other hand, as in air-conditionters, the eddy current

noises dominate.

The noise frequency spectra if rota tinL, macniinerv j f tn

have base lines in the form of continuous spectra over brjad
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frequency ranges. on top of them are several peaks (not notice-

able at low power and slow rotating speeds). This is the result

of mixing between the rotation noise and eddy current noise..

For wind generators or any other aerodynamic equipment

utilizing fans (e.g., wind tunnel), the fan noise dominates.

In addition, wind guide plates, elbows, cross-sectional varia-

tions, local obstacles, the shell of centrifugal wind generators,

etc. also produce not too small eddy current noise. The re-

sonance of the wind generators' shells and the wind pipes can

also produce noise, particularly when tte aerodynamic equipment

is not well installed, with a lack of dynamic enuilibrium, or

when the stiells are broken. In these cases, noise increases

significantly.

Figures 2.4- 2.11 show experimental results on noise prj-

duced by aerodynamic equipment with fans (testing points are

generally selected at 1 m from the equipment and 1.5 m high).

a. octave-band sound pressure

level (db)

b. frequency (1lz) O '

Fiure ,-.4 Noise frequency spectrum of I3rwtn-

Bovery steam generatirs.

n = 1000 rpm, N = 14200 kW
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a. octave-band sound pressure

level (db)

b. frequency (fHz)
63 2 u 1 k 4 k

Figure 2.5 Noise frequency spectrum of ALG blowers,

n = 3200 rpm, q 1400 Io- 1000 i

a. octave-band sound pressure .2

level (db)

b. frequency (11z)

63 125 2S( J jU Ik 2k 4k Aj

Figure 2.0 1l--- noise frequency, spectrum of t)500 air

blowers, n = l4t0 rpmn, 6 500 m ,"min

2 --- noise frequency spectrum of -,500 air

blowers, n = 9o3 rpm, =3500 m~ win

a. octave-baud sound pressure

level (db)

b. frequency (11z) A

Vi ,u r e .725000 M3/,/r turbine compressors.

u = 4320 rpm, 25000 m3 I'min
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C
a. octave-band sound pressureer c

level (db)

b. frequency (11z) ____

63 '2 .3 ,+Q " _ 4k k

Figure 2.S Noise frequency spectrum of D50-11 com-

pressors, n = S890 rpm, ' = 50 m3 /min

a. octave-band sound pressure

level (db) go

1). frequency (ilz)

Figure 2.9 Noise frequency spectrum of ]JB5l-2

electrical generators.

a *octave-band sound pressure -'---- - - '

level (db) ___,

b. frequency" (Hz) U -?

Figure '2.10 Noise frequency spectrum Jf a certain windl

tunnel. This winud tunnel uses two ,Model

L,'4 Rotz blowers to supply wind,

n = 970 rpm, , = 3Q(I0 m mn
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a. sound pressure level (db) JU,

b. frequency (11z) 60

4,6v 1uo 30USOO 2ULwO %,,v5V u 200 4;9 iO00 I0

Figure 2.11 Noise frequency spectrum of ZBY-24-IOB main

fans. n = 750 rpm, 0 = 0-120 m/sec

In terms of sound source characteristics, the fan noises

belong to double sound sources, i.e., dipole sources. The solu-

tion for the dipole radiation equation (2.4) is

Fj (y, dV,

(- .ax, J

where y --- the coordinate of the fluid unit dV under corisidera-

tion; K.--- the coordinate of the testing point in a far field

outside the stream; 7=Ix-y --- distance between the unit vlune

arid the testing point.

In a far field, equation (2.11) can be simplified to become

P __ 1 _[ L,-1 ,dv.
47rc' r'JIt 8: .1-)

Through certain mathematical derivations, one can )btijin the

e~juation (2.9) for the sound power of dipole sources. From

e,,uation (2.9), the sound power of dipol, sources is proj'rti~nal

t) tue sixth power of velioctty. This is in agreement i-ithl
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experimental results. Figure 2.12 sinows typical examples of the

relationship between noise and tangential velocity for various

rotating blades. It can be seen that, the fan noise sound power

is more or less proportional to the sixth power of the tangential

velocity of the blades, and sometimes it is proportional to the

3.5th power.

a. sound power level (db)/

Figure 2.12 Relationship between the noise and the

tangential velocity for ritating blades

with different cross sections

1--- 1v= constant x v ;

2-7 --- blades with differenit snapes:

-- w = conts tantit x V5-

The sound power of fan no ise is also p~roportionalI t- the

square :of the fanl diamieter, and is related to the resistance

cie tfic lent of the fanl arid tbe shape .)f the fan. In i ntIherat ica I

W oc p gJ D' ~ 2 a

wiiere f --- nirmal resistarice oefficient;-- tatiri?ial jvelocity-:

D--- fani diameter.
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L. Ya. Yudlin gTave 7]the sound power fjr smooith blades -)f

wind gyeneratoirs

W K El (sh) 2 v' I D,

where k = 0.04 -- proportional coefficient; v -- tangential

velocity; I --- lengyth of blades; D -- transverse lenigth of blades,

such as diameter. For rotating bodies with r-oughi surfaces, the

sound power is

where yR-- tangential velocity of the tip of tihe rotating blades,

D - transverse dimensions if the rotating- blades in the direc-

tion perpendicular to the impact flux; It - radius ifU ro tat iiwz

blades ; 71-- tue ra t io be tweeni the rad ius ) C the cover tulie o)f

Lte rotatin;g bodAy and the radius it: z--- iur.1ber of ro)tatiln-

bIa d e s; 'K 0..

When actual testing data are laknthe sound ilower levels

of wind eqjuipment noise can be fstiia ted fro)m the iown

f. u a t 0n:

L' +- 10l0g (Q1H') k~ ),{2
wtu ere s spec i f ic so und powe r l evel o f thte w Tid --eneralto r,

the! so-und po,-wer level o-f a same class of winid i'-r" r with-

Unit wind v)lume (m 9' ho ur) and imiit wind pressurf- ( I Tim wait e r

col umn); flo volum oJ1UPf thef- wind fiene-ra.to-r kii- ilour): -

total wind pressure of tile wind~ oeilerator , itim, c~ tie I titt
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The Chinese model '-o2, model 'QDG, and model 4-72 wind

et,erators have specific sound power levels L as shown in

Table 2.1. [10]

Table 2.1 Specific sound power levels of several

kinds of wind generators

a. model of' the

wind equipment

b. model 7-66

.(db) ?fi ,l 0 L.L -
2.O C. ~ 68 5 0 I' 03 I) 17, 3S -8 00 9 3  o ,

0 05 IU 5 ! ' 27 .73 01 8 22 4 ; 72 23 D.S u :. 22.5 0.6:

0.18 25 i 213. 2 '1 7 1.20 .9.1

0.22 28 0.65 .i24 23 J. 0. O 23 0. 3 0.25 2I S,s,

0.. 2 - . 53 " " .3 ' 27 30.7,

1) T in the Table is the flow volume coefficient:

0- r 0 .
x D1 x v x 36004

wh ere D --- fau diameter of the wind eLenerato r, m;,

tatienitial velcitv of the wind generaLor fan. m,'s:

flow volume of the wind generator, m3,'hour.

7, is the wind generator's total pressure: efficiency.

The sound power level of each frequencv hand for the wind

:enera tor
L.,=LW+4-.LW db, .. ,)

wii ere --- cogrrectiron VlUe f )r ea-di freyuec\ tihad S

s,-)Hind power level for the wind setierntr. fIt).
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L. L. Brenak (9] derived the correction value &L, curve as

shown in Figure 2.13 for both centrifugal type wind generator

and the axial flow type wind generator. AS seen from the figure,

the axial flow wind generator has relatively flat frequency charac-

teristics, which decreases somewhat at low and high frequencies.

For the centrifugal type wind generator, the sound power level

is high at low frequencies, and decreases with increasin, fre-

quency at a slope of 5 db/octave band.

a. axial flow fan ,'

b. centrifugal fan

c. sound power frequency-

band level, the db number

with the total sound power

as the reference standard :5 150 3,0 6o, -) \i 240) 4WUJ i

Figure 2.13 Correction curves for sound power levels

at each frequency band

Table 2.2 [10] gives the ALw values for several wind genera-

tors. From this one can calculate the sound power level of each

frequency band.

After the sound power level is obtained, the total sound

pressure level and the sound pressure level for each frequency

band can be calculated from equation (l.lb). Finally the fre-

quency spectrum curves can be obtained.
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Table 2.2 AL, values of several wind generators

ALW 63 125 250 500 k I 2k 4k 8k

4e 1 -2 - ' 141 -01-261 -32'- : -1

t L -9 -7 -
61- 61 - 7f -Iu 1~-17

1) Model 4-b2 wind generator, flat blades back-tilted;

Model 4-72 wind generator, airplane wing type blades

back tilted;

Model qDG wind generator, curved blades strongly back

tilted;

Model HDG wind generator, curved blades back tilted:

Model 9-57 wind generator, blades bending forward.

a. central frequency (Hz)

b. (db)

c. wind generator type

d. centrifugal wind generator, blades bending forward

e. centrifugal wind generator, blades back tilted

f. axial flow wind generator
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X2.3 Jet Noise

Air compressors, blowers, chemical reactors, Ligh pressure

vessels, jet sprayers, steam boilers, and jet airplanes, in the

process of exhausting or ejecting gas into atmosphere, disturb

the steady state of the atmosphere and cause great disturbance.

This is due to the turbulent mixing of the high speed gas par-

ticles and the low speed gas particles in their surroundings.

String jet noises can thus be produced. Jet noises have sound

power levels as high as 130-IUO db, with the sound levels at

110-150 db(A) near the exhaust outlet, seriously polluting the

quietness of the surrounding.

For instance, the noise level is 110-125 db(A) at 1 m from

the exhaust outlet of an air compressor (with pressure below 10

atmospheres). The noise level gradually increases with iticreas-

ing exhaust pressure, as shown in Figure 2.14.

a. A-sound level (dbA)

). 1 m from the exhaust outlet

c. meter pressure

d. atmosphere

e. flow volume _

Figure 2.14 Lxhaust noise level fur Model K -250

Air cimpressors

Such noises are strong, making people feel Pressure )n tioeir

chests, headaches and facial heating. In passing nearby, it seems

that a stream of air enters the ear, causirg aching and itching.
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Another example is boilers of medium pressures (30 atmos-

pheres). At 1 m from the exhaust outlet, exhaust steam has a

noise of 135-140 db(A). For high pressure boilers (100 atmos-

pheres) it reaches 140-150 db(A). Therefore, in exhausting steam

from high pressure/large volume steam boilers, if no sound sup-

pression is used, interference at different degrees can reach up

to several kilometers: For instance, students can not hear the

orders of gym teachers in schools, some patients in hospitals

will shiver such that nurses can not give them shots, and few

people will not be woken up from sleep.

Jet noise increases with increasing flow rate. For medium

and small blowers (wind volume at approximately 1000 m3/min),

when being exhausted, noise of l:'0 db(A) is produced near the

exhaust outlet. For large blowers (such as Model K-4250 blowers

with wind volume qt 4250 m3/min) the noise can reach as high as

130-140 db(A). Table 2.3 snows tue variation of noise, caused

by exhausting a model K-4250 blower, with flow rate.

Table 2.3 Exhaust noise from a Model K-4-'50 blower

a. wind volume (m3/min)

b. 1 m from exhaust

outlet

d. db i

e. remarks 2 1 IU 5

f. wind pressure, 44VO0 1 4 123 1 P, E

1.2L kg,/c m4

g. wind pressure

1.6 kg,'cm 92
3 
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Large-scale blowers have high intensity, broad spectral

exhaust noise, overshadowing other sounds in their surroundings

(such as conversations, broadcasting, automobiles, and trains'

traffic signals and other signals for dangerous situations), and

make people feel uncomfortable. If there is no sound reduction

mechanism when large-scale blowers are exhausted in a certain

factory, the whole area near this factory and up to several kilo-

meters away will lose its quietness.

Noise from jet airplanes is well known to people. For

instance, the noise as measured under an jet airplane is 135-

150 db(A). At a distance of 25 m away, the noise is still as

high as 120 db(A). Therefore, jet airplanes not only affect the

ground crew's health, but also disturb the normal worKing and

resting of residents along their flying courses.

In terms of sound source characteristics, jet noise belongs

to quadrupole sources. For quadrupole sources, Lquation (2.4)

can be simplified to

0 O4,eap , (2.21)

where P--- gas density, co--- souna velocity in a static medium;

Til--- compressive stress tensor at any point in space.

Compressive stress tensor Tij is mainly determined by the

kinetic energy flux tensor ovi, . The change in kinetic energy

flux is balanced by action forces. In pure air streams, the

chiange in action force is due to the change in pressure. iiigher

pressure causes higher density, yielding the source of noise.
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For far fields, i.e., at distances much greater than the

sound source dimensions and the sound wavelengths, Equation (2.21)

has the solution (in terms of sound power) as

W ,,V]I'is.
(--AS 'Zi)2)v]dS

(2.22)

where V--- jet fluid volume; S--- area enclosing the jet stream.

Equation (2.11) can be more directly expressed as

W - &E: v~p2[

(0; .6 -T + 0.4

(2.2)

where P,,Po --- density of the jet stream and the surrounding

medium; T ,T0 --- absolute temperature of the jet stream and the

surrounding medium; V0c-- jet stream velocity; D--- diameter of

the exhaust opening; K--- proportionality constant.

It can be seen that, the sound power of jet noise is pro-

portional to the eighth power of the jet stream velocity. This

is the famous eighth-power theorem. In the meantime, the sound

power of jet noise is also related to factors such as the dia-

meter of exhaust opening, the gas density, temperature of the

medium, etc. With

Li. eI_2.D' 1

PO o0.6 Le + 0.4
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representing the Lighthill number, Figure 2.15 gives the relation-

ship between the sound power of jet noise and the Lighthill

number. This is obtained from analyzing some gases' jet noise

including the jet noise of jet airplanes.

a. sound power (watt)
b. Figure -.15 Relationship between _

" /,. 11o~ _ IllI.

the sound power of jet noise if

and the Lightbill number I
1 104 101 to! IC

l  
10" I 01 ' 0 1

C. mmL

d. jet generators X -D - 30 C - 5u :D
9 -D- 10 0 -D --4

C c
From these data. we have the value for the coefficient

K 2.8 x 10-5 in equation (2.23).

Figure 2.1 shows the flow pattern of jet streams. There

are two sections for the whole jet stream: The initial section

and the main body section. The initial section has a fixed core

velocity; its length is about 5 times the diameter of the exhaust

opening. The main section extends much further.

a. core

b. turbulent area

Figure 2.1o Flow pattern of jet streams
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Figure 2.17 shows the relationship between the variation

of the sound power radiated from a given portion of the jet stream

and the distance X of that portion from the exhaust opening, i.e.,
dW

the relationship between Wd(x and X/D. In the initial sec-

tion covering a distance from the exhaust opening equal to 5 times

the diameter of the opening, the noise sound power of a unit volume

comprises more than one-half of the total jet stream's sound power.

Furthermore, the unit volume radiation has a noise sound power

independent of the distance of this unit volume from the exhaust

opening. In the main body section further away from the exhaust

opening, radiated sound power of the jet stream's unit volume

decreases drastically in seventh power with increasing distance

from the exhaust opening. Therefore, jet noise is caused mainly

by the jet section within a distance from tiLe jet opening b times

the diameter of the opening. Tnis point has an important meaning

in jet noise control. Currently for jet airplanes, noise control

is indeed made within a distance from the jet opening 6 times tie

diameter of the opening. The noise is greatly reduced.

ItOEo 1., d

W d(AD

0 5 10 is
x

Figure 2.17 Radiated noise sjund poi.er fronm jet streams
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Jet noise has a broad continuous frequency spectrum. Also,

at different observation positions, the frequency spectra are

very different. As can be seen from Figure 2.18, jet streams

near the jet opening radiate mainly high frequency noise. Since

the pressure is high and flow rate is high, tt-,e radiated noise

sound levels are rather large. Whien the distance from the jet

opening increases, the low frequency components gradually increase.

The relationships between the third-octave frequency band

of jet noise and D, V c, sh are [15]:

sh =fD
V

X/D < :1 , st 0.382u

X/D >-4 , s h 1.3(2)

The strength of jet noise is also different at different

directions. As sibown in Figure 2-.19, the maximum radiation occurs

within P 30 3, which is the angle with the jet stream a..is.

a. sound pressure level (db)4

b. frequency (liz)

Figure 2.lz Comparisons of noise sound levels anid

freq;uency spectra at different parts of i;et streams
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a. db

Figure 2.19 Directional characteristics of jet noise

D = SO mm; 3 m from jet opening; U. = 2b0 i/s

1.- 50 Hiz; 2. 100 ilz; 3. 200 Hiz; 4 . 4~00 liz; 5. b00 H'z;

0. 1t)00 liz; 7. 3200 liz; o. 04U0 11z; 9. Total sound

pressure level

For far sound fields, using Lquation (!-.17) and F~igure 2.20.

one can calculate the noise sound pressure level L at a distance -

r framt the jet opening and] at! ingle (P :

L = 10 log -~-.-.+10 1"L 0
p4 r

= L 20 log r - R+ (1 + b) 10 log!, 22O

whiere d 11 db in spherical radiation; o dU in semi-spherical

radiatiutn; b =0.3 (Tc - T 0 )/T 0

Fizure 2.2 Astract directional coaracteristics ,)f

jet noisE
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For near sound fields, at distances smaller than une diameter

from the edges and larger than two diameters from the jet opening,

noise sound pressure level can be determined from the following

equation:
40 _a._x -o (2. 9)

- ~+ 40 - 0.6 - 2- 20-.
.D 7 D

where 17,--- pressure drop at the jet opening; a--- distance from

the edge of the jet (choosing opening angle 2a = 200).

Frequency can be calculated from the following equation:

If_ _ (2.30)

217n - 1.9

Figure 2.21 shows the directional characteristics of jet

airplanes.

Figures 2.22-2.24 are exhaust noise freqlueuicy spectra for,

respectively, model K-2-0 air compressors, model K-42'0 blower

relieve valves, medium pressure (31 kg,'cm 2 ) steam boilers. It

can also be seen that, near such jet noise sources, noises are

obviously of the high frequency types. However, even the low

frequency components also reach quite high levels. la ittuin some

ten meters from the exhaust outlet, there is still basically

high frequency sound which irritates, hearing. urther out t 2e

law frequency sound then dominates.
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454

900

121414

187 12 16 '0 21 28 32 36 40

(a) Equi-noise-sound- (b) Near sound field of jet

level curves (axial airplanes

distance (m)) for jet I--- perpendicular dis-

airplanes tance from jet

opening (m);

II-- distance from the

jet opening along

the axis (M)

Figure 2.21
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At: L, i'2 M: L.,=125
Lc=124.5

N: L.,=137.5

10 6,zTa L, =137
a. mI/minute10N: L,,=17 

L, .

b. Frequency (1lz) --4 -- "-
M: L, =124.5

c. Sound pressure o 11 22

level (db) 13 , °

L-119

Al %. :L: LL,.118.5

,.,f: =. 1 LL =11 =70, Lc =l 8  I,": 7, 1 '  ~

L. =13 "-

1" o '.0 .. (1A:t '-V
5 6U 2'.J'

'iaure 2.22 Exhaust noise frequency spectra (under

different pressures) for model K-250

air compressors

Test point M: I m from exhaust opening, sideway;

Test point N: 0.2 m from exhaust opening, direct below;

(l)---pressure 0.2a Ta, flow volume 237 m '/min;

(2)---pressure la Ta, flow volume 235 m3/mir:

(3)---pressure 2a Ta, flow volume 233.9 m ,,min;

(4)---pressure 4a Ta, flow volume 227 ma/rin;

(3)---pressure ba Ta, flow volume 215 m '~min:
(3)---pressure b.5a Ta, flow volume 205 m /min:
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a. octave-band sound a ,

pressure level (db) 0 _

b. frequency (liz) W O

bb

Figure 2.23 Noise frequency spectra for the exhaust

valves of model K-4250 blowers

1. complete exhaust test point

2 small-volume exhaust 0.5 m frum the exhaust

valve

a. sound pressure

level (db) eV

b. db

c. frequency (Hz)

Figure 2.24 Complete exhaust noise frequency spectra
C)

for medium pressure (31 kg/cIn') steam

boilers

Test point: 1 m from the exhaust opening
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X2.4 Periodic Exhaust Noise

Generators and other aerodynamic machinery, which exhaust

gases periodically, produce strong noise. The latter seriously

disturbs the quietness of city streets and industrial areas. For

instance, typical internal combustion engines, at 0.5 - 1 m from

the exhaust opening (450 direction), produce noise with sound

levels at 90-120 db (A). Some internal combustion engines produce

noise higher than 130-140 db. Automobiles, tractors, and motor-

cycles with such generators will produce noise with sound levels

at 75-90 db (A) when moving on streets. If internal combustion

engines are used in city engineering processes (e.g., weil drill-

ing, electrical generation, etc.) or on trains, since the power

and rotating speed are both high, noise above 100 db will be

produced in the neighboring areas. Such noise is much higher

than that allowed under ambient noise standards, and will clearly

affect the work and rest of a large population. In several coun-

tries, to avoid the city noise interference, there are window-

less dormitories and windowless schools. Lighting and air-

changes are all provided by electrical lighting and air-condi-

tioners.

Periodic exhaust noise is caused mainly by the fluctuations

of gas pressures. In terms of sound source characteristics, it

is close to single source. As stated before, a single source is

like a vibrating sphere which expands and c Jntracts evenly. The

periodic pressure fluctuations cause the surroutidin,- medium to

oscillate periodically in density, thus producing noise.
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For a single source, the solution of Equation (2.4) is

0z 71 - N

(2.31)

where y--- the coordinate of the fluid unit dV under considera-

tion; z--- coordinate of the test point in a far sound field.

In a far sound field, Ix- yj hjzj, Equation (2.31) can

be simplified to

'9 Q (7, t) dv.
0 (2.32)

In a far sound field, the relationship between the sound

power of single source radiation and the density p is

W - 4zr' pC o3
C(2.33)

where r is very large,

I fa Q2 V2','34)

where f --- oscillation frequency, appruximatel y equal to

v!/L (v is velocity, L is the relevant length).

l3y substituting Equation (2.34) into Equation (2.33), Equa-

tion (2.7) can be obtained to relate the sound power W to density

p , flow velocity v, length L, and sound velocity c.

2.4.1 Exhaust noise from internal combustion engines

We will now study in detail the relationship between the

periodic exhaust noise of internal combustion engines and the

parameters.
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~130 1

a. sound pressure level "

(db) V

b. exhaust volume (cc) jo 0 102 _ ;03 o

c. torque (kg.m) __

l I " u

101~I

cE~7

Figure 2.25 Relationship between the exhaust noise

from automobile engines and the exhaust

volume, axial horsepower, and torque

(o0 of specified speed)

W, know that the combustion of gasoline or diesel fuel

inside a cylinder produces very high pressure. When the exhaust

valve is open, violent pressure fluctuation will occur, leading

to the formation of exhaust noise. The sound power of engitne

exhaust noise depends mainly oin the power (axial horsepower) -f

the engine, exhaust volume (or the cylinder volume), tor~jue,
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average effective pressure inside cylinder, area of the exhaust

opening, rutating speed, etc.

a. sound pressure level (db)

b. actual average effective ,[

pressure x area of ex- PY, !
haust opening (kg) r - A ;;:,,

Figure 2.2b Automobile gasoline engine and diesel

engine: Relationship between the exhaust noise and

the actual average effective pressure times the area

of exhaust opening (bOI of specified rotating speed)

a. sound pressure level (db) -" j =j _;!j-

b. actual average effective -_..

pressure x area of ex- - -

haust opening (k&)

rr 1, 1,
ii ure 2.:L7 Two-stroke and f.)ur-strke automobile

engine: Relationship between exhaust noise and

actual average effective pressure times the area af

exhaust opening

Figure.25- 2.27 [161 are, respectively, relatiunships

between the automobile engine exhaust noise and tlie exhatst

vujlume, axial horsepower, and torque, and relationships between

the autmubile engine exhaust noise and the actial avera,,e

effective pressure times the area ,f exhaust opeiicni (test jouit
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at 450 and a distance of 0.5 m from the exhaust ipening). In

the Figures A refers to air cooling; the symbol without a letter

refers to water cooling; o is for a 2-stroke gasoline engine;

* is for a 4-stroke gasoline engine; 0 is for a 2-stroke diesel

engine; and U is for a 4-stroke diesel engine.

A

1101k A A r

A A. A

A A 

4 A

Jon co( 0.o

A. .,
. . . . t ' .:.:, "I rt 4 , - =---

i' -it

Figure 2.25 Engines used in induistry and agriculture:

Relationship between tile exhaust noise and the exhaust

volume, axial horsepower, torque, and actual average

effective pressure times area of exhaust opening

a. sound pressure level (db), 1. ex:1,aust vulume cn,

c. axial horsepower, d. torque (kg.m), e. actual avenge

effective pressurs, x area of exhaust opening (kg)
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Figure 2.2S-2.30 are respectively, the relationships between

the engineering and agricultural engines' exhaust noises and the

exhaust volume, the axial horsepower, and torque; the relation-

ships between the engines' exhaust noises and the actual average

effective pressure times the area of the exhaust opening; and

the relationships between the sound power levels of the engines'

exhaust noises and the engines' rotating speed and actual average

effective pressure (same testing points as before). Symbols with

A refer to air cooling; symbols without a letter refer to water

cooling.Qis for 2-stroke gasoline engines, is for 4-stroke gasoline engines,

is for 2-stroke diesel engines, and E is for 4-stroke diesel engines.

a. sound pressure level (db)

b. actual average effective .

pressure x area of exhaust A

opening (kg) xo ' 100 2.00 54390
it "Mit

Figure 2.29 Comparisons between water-cooling and

air-cooling 4-stroke engines used in engineering

and agriculture.

a. exhaust gas sound power

level (db)

b. number of rotations of the ll)-C

engine (rpm) -

c. kg/cm 2  I

Figure 2.30 Lxhaust noises' sound power level with

a constant actual average effective pressure t
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It can be seen that engine exhaust noises increase with

increasing exhaust volume, axial horsepower, torque, and the

cylinder's actual average effective pressure times the area of

the exhaust opening. When the actual average effective pressure

is small, the exhaust noises increase rapidly with increasing

engine rotating speed. However, with increasing actual average

effective pressure, the effect of rotating speed gradually drops.

Therefore, the exhaust noises are greatly affected by the cylinder's

actual average effective pressure.

When the rating of engines increases, the amplitude variation

of the noises from engines of the same kind is between 10-18 db.

For example, the Chinese model 4115 T internal combustion

engines widely used in tractors, electrical productions, irri-

gation, automobiles and city constructions have total sound pres-

sure levels increased from 111 db to 123 db and A-sound levels

from 1Ot db to 11 db, when they change from idling rotation to

J5 horsepower. (see Table 2.4 and Figure 2.31)

Table 2.4 Noises from model 4115 T internal

combustion engines

(at 45o, 0.3 m away from the exhaust opening)

Condition Total sound pressure ,L-sound level

level (db) (db)

idling Ill 1Oi

10 horsepower 113 1 )

2. horsepower 117 112

53 horsepower 123 lb
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a. octave-band sound

pressure level (db) 0

b. frequency (Hz) I-r-- - I-
63 25U I k k

31.5 63 15 5 k

Figure 2.31 Frequency spectrum of exhaust noises from

model 4115T internal combustion engines

1. idling; 2. 10 horsepower; 3. 22 horsepower;

4. 55 horsepower

Testing point: at 45 , 0.5 m from the exhaust opening

Another example is the Chinese model BJ212 gasoline engines

(73 horsepower). From 500 rpm and 0.5 kg/cm' to 3800 rpm and

4.5 kg/cm , the total sound pressure level changes from 110 db

to 12S db, and A-sound level from 105 db to 102 db (see Table 2.5)

Table 2.3 Noises from model BJ212 gasoline engines

(at 450, 0.5 m from the exhaust opening)

Condition total sound pressure A-sound

level (db) level

(db(A))
500 rpm, 0.5 kg/cm 2  105 110

1000 rpm, 1.75 kg/cm 2  i1 119

2000 rpm, 2.75-3.75 kg/cm 2  119 125

3800 rpm, 4.5 kg/cme 122 126

The literature gives several quantitative formulas for the

engines' noises. They are given below:
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Following T. Priede[ 17]:

4-stroke, diesel engines, without increased pressure:

LA = 30 log N + 50 log B - 31.5 (db); (2.35)

4-stroke, diesel engines, with increased pressure:

LA = 40 log N + 50 log B - bb.5 (db); (2.36)

2-stroke, diesel engines:

L = 0 log N + 50 log B - 54.5 (db). (2.37)

A

Gasoline engines ( 18]:

L = 50 log N + K (db), (2.38)

where L. --- noise level of engines, db(A); N --- rotating speed

of engines, rpm; B --- cylinder diameter (or radius ), inches;

K --- constant.

The above equations refer to the L values corresponding to
A

the engines at maximum power, and at 0.9 m from the engines.

Soroka and Chien [ 19] made a study and analysis on diesel

engines with 10O-b60 mm stroke length and 256-3000 rpm. They

obtained the following equation at 1 m from the engines,

L = b9 + 30 log C + 5 log S + 5 log Z (db), (2.39)A m

where Cm --- average velocity of piston, m/s: S --- stroke length;

Z --- number of cylinders.

Cimac [20] investigated 4-stroke diesel engines with 10-S000

horsepower and 200 rpm. At 1 m from the engines,

= 10 log (nN/n 0 ) + 5.5 log (NeN//No)

- 30 log (nN/n) + 35 (db), (2.40)
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where nN --- specified number of rotations, rpm; n --- working

number of rotations, rpm; NeN --- specified power, horsepower;

N0 --- 1 horsepower; no --- 1 rpm.

Based on the noise measurement data for Chinese model 41151T

and 4115L high speed, medium size diesel engines, the relationship

between the noise level LA and the power level Ne of the engines

can be expressed by the empirical equation:

LA = a + 13.5 log N, (2.41)
w e

where for model 4115T diesel engines, a = 94.5 db (10-55 horsepower);

0testing point at 45 and 0.5 m from the exhaust opening of the

engines.

The frequency spectrum of engine exhaust noises can be

calculated following Equation (2.42):

=nZ. 2 4.
60r

where i = 1,2,3, ... --- harmonic wave index; n --- number of

rotations of the engine's main axis, rpm; Z --- number of cylin-

ders; r--- stroke coefficient (for '--stroke engines, r = 1: for

4-stroke engines, r = 2).

Figure 2.32 and 2.33 are the noise frequency spectra

(third octave band) of, respectively, the model 411H 4-cylinder

engines and the 15OO-horsepower diesel engines.
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a. third octave band

sound pressure level

(db)--

b. frequency (LIZ) Ix%. ~k .k 5x IeOXO

Figure -".32 Nuise frequency spectrum of I FIAT model

411R 4-cylinder engines

N 2.L) horsepower, n.= 2u00 rpm (no load);

N 33.-3 ho rsepower, n =2340 rpm ( noral);

N =39 horsepower, n 20300 rpm (full l.~ad)

= 35.2 horsepower, n 1910 rpm (over load)

a. third octave band sound r

pressure level (db) 10

b. db
00,

c. frequency (liz)-

0 8)4 * 2 kO I. : k

63 i& :5j0c 4k 6.!";

Pigure 2.33 Noise frequency spectrum of 1500-horSepower

diesel engines.

testing poijut: a t 4:50 and 1 m from the exhaust ipeningi

Using the model 411R engine as an example, wi thi cyl inders,

4- stroke, Z = 4 anrd r 2
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At no load conditions, n = 2000 rpm, f= !7, f, = 174,

f. = .01, f4 = 34S . .......3

-it normal working conditions, n = 2340 rpm, f= 76, f., =

f_ = '234, f4  = 312. ........

At full load conditions, n = 2300 rpm, f = 77, f,) = 134,

f. -= 231, f 4 = 306 .........

,At over load conditions, n = 1910 rpm, fl = o4, f, = 12 ,

f = 192, f4  = 25b. . .......

The measurements are made with a third-octave band analy.er.

Therefore, at no load, normal working and full load conditions,

peak values all show up at 80, 10O, 250, and 320 tdz. At over load

conditions, the peak values occur at o5, 123, 200, and 230 iiz.

Internal combustion engines' exhaust noises have clearly low

frequency characteristics in their spectrum. But the medium and

hig-h fre-uency noises also reach certain levels. The medium

frequency noises are induced by the higher harmonic waves of the

fundamental frequency, and the high frequency noises are caused

Lv the eddy current noises induced at the exhaust, combustion

inside the cylinders, explosion sound, as well as the impact,

vibrating parts and self-vibration of the pipe walls.

2.4._ Njises of the volume-type compressors and blowers

Volume-type compressors and blowers (e.g., piston-t,,e com-

pressors, threaded rod compressors, Rotz blowers) have noises

clonging to the periodic exhaust noise category. The mechianism
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of their noise priduction is more or less the same as those in

internal combustion engines. Among them, the Rotz blowers and

the threaded rod compressors have noise as high as 110-140 db(A).

Near them,one will feel pressure in the chest, headaches, dizziness,

facial heating, and whole-body powerlessness. They not only aftect

the working condition of machine rooms, but also cause relatively

large interference for the surrounding offices, dormitories, schools,

and streets.

Rotz blowers are one kind of volume-type gas compressors.

They move gases through the rotation of a pair of kidney-shaped

gears perpendicular and tightly fitted to each other. The gas flow

rate is constant. The pressure can be adjusted within a specified

range according to the application requirement.

When the Rotz blowers are used, the two gears rotate relative

to each other, periodically compressing the air, leading to the

fluctuation of the surrounding air's pressure. Periodic exhaust

noise is thus produced. In the meantime, when the gears ro.tate,

the surface forms eddy currents. These eddy currents also produce

eddy current noises when they break up at the gears' surface. In

general, the periodic exhaust noise is the main component of

the Rotz blowers.

The noise strength of Rotz blowers is related t- the flaw

rate, rotating speed and pressure. The noise is stronger if' the

flow rate is higher, the rotation is faster and the pressure is

higher. In general, for a given r)tating speed aitd pressure, the

noise increases by t) db(A) when the flow rate doubles. fhe noise
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increases by 3-4 db(A) when the pressure increases by 1000 mm

water column. When the rotating speed is doubled, the noise

increases by b-10 db(A). Table 2.b shows the experimental values

of noises from several Chinese-made Rotz blowers. Table 2.7 lists

the experimental values of noises from LGA-80-5000 Rotz blowers

under different pressure conditions. From these tables we can see

the relationship mentioned above.

Table 2.0 Experimental values of noise from several

Chinese-made Rotz blowers

(testing point: 1 m from the inlet along the axial

direction)

a. model number

b. flow rate (m /min)

c. rotating speed (rpm) S:"-, A-
4

,. - - ) 
4

c :15% 7w0 12
D , " SU j "0 ,'0b.O9 500 123

d. pressure (mm water rSO. X t", oO S) 1450 oo 129 ( )
JO> 2-No If- 500cilumn) .9) 500 12co u n ( ."- .2 ' :,0 2( 94.0 3500 12

e. noise level (db(A ) :-,.-: . . 1, 3, ,,
GA-: , : .. , , V li

f. production location C ,:.

g. Chang-Sha :'35' . ' .
12q A:.

h1. Shiang-ha i I ~1 I~o 350
I 9i i 5 5000 114

i. Wu-Han ,. -_ 4, t, 3;u0

J. Tien-Jing
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Table 2.7 Experimental values of noises frocm LGA-S,0-

5000 Rotz blowers under different pressure conditions

(testing point: 1 m from the inlet along the axial

direction)CA

a. pressure (mm water ~~'

column) ic

bi. noise level (db(A)) 3000
4000

c. no load 003 :

Figure 2.34 shows the noise frequency spectra of several

Rotz blowers.

pressure level (db)-

b. model number of

wind g-enerators

C. frequency (Hz) -

3.17
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Rotz blowers produce noises with broad continuous spectra,

having peak values at low and medium frequency bands. When the

pressure is relatively low, i.e., when the load is small, the

peak value often occurs at the octave-band with 125 liz. vien

the pressure rises to specified values, a peak value in the octave-

band with medium frequency of 500 Hz will also appear. This in-

dicates that, along with increasing working pressure, there is a

tendency for the noise to increase at medium and high frequencies.

2.41.3 Jackhammer's exhaust noise and the steam-siren's noise

Noises from the jackhammer's exhaust and the steam-siren

also belong to periodic exhaust noises.

For example, for the Chinese-made model 0130 jackhammers

with pulse frequency of 1800 per minute, there are two exhausts

for every piston impact. Therefore, the peak values shuuld occur

at 0o Hz and 120 Itz. By placing a microphone in the exhaust stream,

the peak values are found to occur just at u3 Hz and 123 liz, using

a third-octave band frequency spectrometer (see Figure 2.35).

a. third-octave band -

sound pressure level V

(db)0-

b). frequency (1z .40 100 400 1.6k S. 4k(5z NO 3.: k o

Figure 2.35 Lxhaust noise frequency spectrum fur JacKhammers
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Another example is the steam-siren. The fundamental fre-

quency is equal to the number of times in a unit time to let

exhaust into the atmosphere. With z as the number of holes on

the rotating disk of the siren, a being the number of ritations

(rpm), then the steam-siren has peak values at

f. = nz/60. (2.43)

%2.5 uther aerodynamic noises

2.5.1 Flying noises

In recent years supersonic flight has been developed very

fast. jet airplanes, rockets, space-ships, .... have more and

more power, and larger and larger velocities. Strong noise is

therefore produced. For instance, the sound power level can

reach lUO db for turbo-jet airplanes having back combustion eqiuip-

ment. The sound power reaches 10,000 watt. For jet airplanes

the sound power level reaches as high as 170 db and the sound

power reaches 100,000 watt. Far space-ships the sound power

level even reaches 150-195 db, and the sound power reaches several

million or tens of million watt. Table 2. S [22] gives the results

from a 19u4 study at a Japanese air base on the airplane landin±

noises. The base has mainly airplanes of the following 'models:

F-105, F-MO2, F-10O, B-47, B-52, B-57, T-33, T-39, KC-50, C-97,

C-124, C-130, C-133, U-135, S-5), Ui-43, and Boeing-7U7. These

airplanes produced ground noise as high as !5-l 9 dL, abviously

causing serious interference fur the environment.
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Table 2. lq9u4 airbase noise measurements (airplane

landing)

(o00 m from the run-way)

C. 4.

b. day ';"

a. month to" j 14

c. db (highest 2v a o

sound) 2 1 122 175 14

I21 Il ' 2 1'

d. Total value I -
21 1 14 r 2 c:

e. 7amt upm2 244 ::4
'ri 14 4 II "

(da y t im e ) 18 1 21 3 Z t,
, i l, 23 ,. 2',1

f. 7plm to oam 37 I 4 -

(nighttime) 19 1 ,:

g. db SI ,: : -_

h. and Ihigher

i. times : -

,Anoither example is the Los Angeles InternatioaI Airport in

the United States. During the L_4 hours every day, there is jne

jet airplane taking-off -r landing fir ab)ut every twu minutes.

There are five elementary schools under the fli4tt path. V.hen

tilet airplanes pass over, the iuise inside c lassr. ,ms can rar:il

as i~ii as )-9'.) dh. The outdoor noises are 10)0-1.O dh, sen usly

affecting the el.sses.
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Table 2.9 lists the equi-effect perception noise 301-1 EPNL

values for several airplanes' take-off and landing. It can be

seen that the airplanes have rather high noises.

Table 2.9 EPNL values [3,23] of several airplanes'

noises

a. airplane model

b. t;PNL values(db) for

take-off noise VL M LS ff -x
Ma

c. LPNL values (db) for ,C 0 o !06 0
D0 s 115 103 93 11 6 104 lei

landing noise DC 9 99 93 90 110

707 114 103 93 119 r,9 o t

d. withlout treatmentV, - 1 9 5 9

737 101 9 19go 1 C2 99

e. sound suppression at -. X I to o 96,,o 104

f.spreso 109 5 109 95
X ..,. f 109the jet opening 04

f. sound suppression for iR 1 ;4
47 103iO

the whole airplane body D 0 109 M

'® 104 r 08

g. Boeing 102

1. Trident k _6 103

i. Concorde

j. Tu

k. Ilys

At this time the supersonic airplane flight noises are the

wrld's strongest noise sources. ilong the flight path of super-

sonic airplanes, thousands and ten-thousands of residents are dis-

turbed seriously. un January 29, 19t2, for example, three U.S.
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military airplanes passed through a Japanese city with highest

speed at low elevation. Window glass of many residential houses

was shattered and fluorescent light tubes fell down, causing great

damage. Another example occurred in 1970 at a city and surrounding

villages in Germany. Due to the very strong supersonic boom,

several hundred cases of damage were reported. Most of them

involved shattered glass, raised roofs, and damaged doors.

There have been extensive discussions concerning the noise

from the Concorde airplanes. To have some handle on their effect,

Lngland made eleven supersonic flights in 1907, with a total of

30-million people affected. This resulted in 12,000 cases of

complaint, 7SS cases of lawsuits, and a large sum of payment for

damages. Based on the actual testing, when the Concorde type air-

planes take off, the ground noise is 114 EPN db. For DC-S, Boeing

707, it is 93 LPN db. Trident-I has 90 EPN db (see Table 2.9)

Supersonic flight noise not only disturbs people, it also

excites the chickens and dogs, causes milk cows to stop

producing milk, and pigs, horses, and cows to be affected in their

Lrowth.

Furthermore, supersonic flight noise can also cause equip-

ment and control devices to have sound fatigue, leading tj

damage in structures and failure in controls.

Supersonic exhaust noise is the main component of the

noise from supersonic jet airplanes and rockets. Supersonic jets

produce tremendous shock waves, causing the pressure and tempera-

ture of the medium to rise rapidly. This leads to large disturbance
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of the surrounding air, producing strong supersonic jet noises.

Figure 2.36 [24] shows the sound pressure level curves for

the near-field noises of the turbo-jet generators and JATO rockets.

It can be seen that, turbo-jet generators (jet velocity at 5b5 m/s)

have major noises coming from downstream at a distance equal to

six times the diameter of the jet opening. Beyond 10 times the

diameter of the jet opening the radiation of noise is small.

Rockets (jet velocity at 100 m/s) have the major noises coming

from the mixing zone of the supersonic core, downstream at a

distance 20-40 times the jet openings.
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Based on the noise data for rockets and jet airplanes one

can see that, with increasing jet velocities, the sound power of

noise from supersonic exhaust deviates from the eighth-power law.

Instead, it is proportional to the tnird power of the velocity,

as shown in Figure 2.37 [2S]. In terms of equation it becomes

W P. DA, (2. L14)
PO

where W -- sound power; k = (0.5 - 1) x 10- -- coefficient; p, p,

-- medium density of the jet stream and the surroundings; v -- Jet

velocity; D -- diameter of the jet opening.

ri

a. distance along the 14

radial direction OA. '
(in terms of the

diameter of the

jet opening) 
iZ n 

r

b. distance along the L 155

axial direction

(in terms of the

diameter of the

jet opening) -

Figure 2.36 Near-field equi-sound pressure level curves f or

turbo-jet engines (upper) and JATu rockets (lower).

Parameters for the turbo-jet engines: thrust L3tiO kl, jet

velocity ')t5 m/s, pres,,ure ratio 2.2 at the jet upeniinL,

diameter of the jet opening being 0.5o) m.
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Parameters for the JATU rockets: thrust 454 kg, jet

velocity lIOO m/s, pressure ratio UO at the jet opening,

diameter o1 the jet opening being 0.0u7 m.

1. boundary of measurements; 2. total eddy currents;

3. mixing zone; 4. core; 5. supersonic core;

u. exit velocity

a. sound power (watt)

b. jet engine

c. constant __.___________' ___ _

d. rocket

e. model jet - > .

f. jet engine with-_--___

1) L r e1b - Ilii "i eI a t i, nI~ g,,!

equipment "JoU .,o

g. velocity (m/s)

Figure -. 37 Relationship between jet velocity and the

sound power of noise from det airplanes and rockets.

Based on theories and a large number of experiments, Lquation

(2.44) is applicable in the range with the Mlach number T>. "That

is, when the jet velocity is above twice of the sound veloc ity, toe

sound pouer of noise from jet exhaust is prorlortinal tj the tLird

power uf the velocity. Lquation (2'.35) is aj)plicable for t;e ratrie

with M = 0.3,2. That is, when the jet velocity is belween ine-

tialf and twice the sound velocity, tie sound plwer ift lijse
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from jet exhaust is proportional to the eighth power of the

velocity. In general, jet airplanes fly with supersonic velo-

cities, but with lower velocities in taking-off and landing.

When airplanes and rockets fly with supersonic velocities,

they produce a strong booming sound, which is the noise caused

by the shock waves from bodies with supersonic motions. Such

noise has the N wave structure. The boom rises in a time

interval of 0.01 second, continues for 0.1-0.2 second with pres-
0

sure increase at about 100 N/. It sounds like some sudden

explosion. The previously mentioned glass-shattering and roof-

blowing away, etc. are indeed caused by such sonic booms. In

these days supersonic flight becomes more and more popular.

For instance, the Russian-made model Tu-144 planes have a flying

velocity of 2.35 Mach (i.e., 2.35 time the sound speed with the

sound speed at 1200 km/hour), the American-made model Boeing-

2707 planes with 2.9 Mach, the English-French-made Concord

planes with 2 Mach, and military planes with maximum velocities

as high as 3 Mach. Therefore, the sonic boom has attracted more

and more attention from people.

Figure 2.3b shows the characteristics of the boom sound

pressure wave in free s. ace and near the ground. They ore

expressed in terms of the strength Ap, pulse rise time r and

the total lasting time span T.
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LI
(b)

Figure 2.3S Boom sound pressure wave configurations

(a) in free sound field (b) near ground

Due to reflections, the pressure wave shapes become compli-

cated at the ground surface. They are formed from two almost

singular N waves, which have time difference S. The value of 8

is determined by the height h of the reflection surface and inci-

dent angle 9, following the mathematical relation:

8 , 6/c. ( 2.4 )

Vor first-order approximation (neglecting the refractive effect

occurrirg during propagation in the atmosphere) this can be

written as

2hAT.
Mc u ( -u)

where Y is the Mach number and c is the sound speed.

The boom's energv spectral density is

F(W) - T) ' d,, ( . 7)

where P( L) is the wave pressure.

?Oor . wave with intensity j , in a free sound field [3,I
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F()a- 2 si P, a - b siaco)
•'b(a - b)

cb(a - b)\( 2 2

- T cos w'T sin
2 2)' 2J

where a - (T + r)/2; b = (T - r)/2.

The energy in the frequency band w, to w2 is equal to

I IF( w)I'dw (9

The boom effect occurs for supersonic flights along ttheir

flight path over several thousand kilometers. The effect reaches

side distauces of 50-t0 kilometers, with victims up to tens of

thousand people. Under the boom effect, people get headaches,

humming in the ears, plugged noses, shivering, and frignt. Anen a ooom suaceniv

occurs, temporary shock can also occur. If a person is situated

under boom sound for J minutes, he will become dizzy for tLe wnli

dav.

During the supersonic flight, in addition to the supersrnic

exuaust noise and the boom sound, aiwother important no is,. source

is tue attached surface layer. HiL-h speed jet airplanes and guided

missiles have their internal noise jaai ly deter:;;ited trom the

at tached surface laver' s noise he sound power of the aLtacoled

surface layer's noise .'ses rapidly with increasinL flvin-, speed

(approximatelv at '2.7 5th power o1' the speed).

5.2 Combustion noise

Recentv, co-Ibustion noise has ineroased boti in nurimher ;ind
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intensity. For instance, combustion rotating machinerY, internal

combustion engines, heating furnaces at oil refineries, city waste

combustion, etc. all produce rather high intensity noise. This

causes some concerni to people.

Combustion noise is due to the pressure waves induced by

combustion, which lead to noise generation.

Figure ".39 shows the experimental results on noise fro n

heating furnaces.

Figure '2.40 is the sound frequency spectrum of noise from

model .... Dl combustion gas rotating machinery, near the combus-

tion chamber.

Figure 2.41[4] shows the combustion noise from a small scale

internal combustion engine.

a . -ctave hand soundYI

pressure level (db)

b. frequency (liz) 45

c. (a) 12.0 million kCal

cvlindrical furnace I , 1.. 108

(oil burning) --

d. (b) 10.0 million kCal j

cylindrical furnace T : "

(gas burning) 63 , k

Figure -. 39 noise frequency slectrur of heating furnaces
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--- next -th e users, of 120 decibels (A) :r
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a. octave band sound

pressure level (db) f
b. frequency (Hz)

Figure 2.40 noise frequency spectrum for Model b522 Dl

combustion gas rotating machinery near the combustion

chamber

a. sound power level (db) ~ F

b. freqiuency ("lz) ' " --

Figure 2.41 combustion noise from a small-scale

internal combustion engine

2.5.4 ;sind sound

Wind sound is caused by the impact of gas streams against

stationar'y objects. The main components are those from eddy

currents and the noise associated with the breakingz up of eddy

currents.

The sound power from wind rises drastically with increasing

stream velocity, proportional to the sixth power of velocity.

When the velocity is low, it is proportional to the 5.5th power

of velocity. It is also related to the cross-sectional area of

the object, normal direction friction coefficient, and the gas
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density, in terms of the following mathematical equation:

w . p0 S ,, 
(2.50)

where v -- sound power; p-- gas density; S -- cross-sectional area

of object; 9-- object's normal direction friction coefficient;

v -- stream velocity.

For stationary long cylinders, the wind noise due to the

stream flow has its sound power the same as that in Equation (2.17).

However, in this case I is the length of the cylinder; D is the

transverse direction length (diameter) of the cylinder. K has a

value determined by the geometric shape of the object, the Mach

number N1 and the Reynold number Re. For a smooth object with

stream-lined body, the K value is small. For rough bodies with

large friction, the K value is relatively large.

Figure 2.42 [261 is the curve stiowing the relationship between

the total sound pressure level and flow speed, far noise produced

by the stream perpendicular to the iodel 4131 condenser microphone's

membrane. It can be seen that, when the flow speed is 5-10 m/s,

the noise has a total sound pressure level at 70- (O db. When tie

flow speed reaches beyond 30 m/s, the noise's total sound pressure

level already reaches 100 db. Therefore, in dosigning air change

aid circulation systema and sound suppressors, thne stream speed

has to be limited. otherwise, due to tue too high s';eed, the air

changer's ducts and the interior of sound suppressors will produce

very high wind sound, such that the sound suppressors can tno longer

be effective. They may even serve a negative function.
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a. total sound pressure !$

level (db) It;

b. rn/s __0 _ __ _

Figure 2.42 Relationship between stream speed and

noise level

The frequency of wind noise is determined by Equation (2.13).

Figure 2.43 [27] shows the frequency spectrum of wind noise produced

by the air, when the air flows at speed v of 33 m/s around a long

cylinder of 5 mm in diameter D. It can be seen that, at the funda-

mental frequency fl = (0.185)(33/0.005) = 1330 hz and its second

harmonics f 2 = 2 x 1330 = 2bo Hz, the noise has obvious peaks.

When the wind blows the electrical cables or shil:s' holding

cables, one often hears such tuned sound. iluwever, under many

conditions, due to the complicated shapes of objects, as well us

the different degrees in roughness of their surfaces, the noise

produced has no regular patterns. Therefore, the resulting wind

noise forms a continuous spectrum, with no clear fundamental

frequency or harmonics.

a. sound pressure level (db)

b. frequency (Liz)

c. Hz &. L

Figure 2.43 Frequency spectrum of wind noise produced

by air flowing around a cylinder
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CHAPTER 3. FUNDAMENTAL PRINCIPLFt AND CALCULATIoNS uF

SOUND SUPPRESSION

; 3.1 Intr)ducti Jn

A sound suppressor is a device f Jr )rhi1i'ting the transmission of

sound while allowing the gas flow. It is a i important techniique forN

reducing aerodynamic noise. If such a device is instal led aluri- the

flow patj af aerod\namic equipment, the noise level of suchi eiuipment

can then be reduced.

There are many kinds of" sound suppressors. The tiree basic types

include frictional sound sup 1pr:ssors, reactive soond suipressor;, and

frictional-reactive combLned sound c mpressors.

The frictional sound compressor is based on the absorption of

sound by certain materials. The frictional sound compressor is con-

s*ructed with sound absorbing materials fixed on the inner surface

of the flow path, or fixed according to certain patterns along the

flow path. When s .und enters the de, ice , it %ill be absorbed by th e

absorbing materials. This is an analogy of th, resistance in an

electrical circuit, which dissipates electri.cal eitergv through hat

Juction. This kind )f sound sup.,,ressor has advantages t.)r a broau

s,,ectrum of medium and high frequencies, ,articularly in the high

freqluencv range which irritates hearing. Their disadvan t aaes l ie in

the corrosion bv certain gases, and shvrt lif e in hi,_h t,,milkrature

and steam ajpl icatiois. They have relat volv ;'or etf ic e'c c, r loe

rreiuenicy noise.
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Reactive sound suppressors are also called sound wave filters.

They are based on te princi:)e of sound wave filtering, e.g., resonanice

sound su)pressors, expansion -type sound suppressors, and interference

sound suppressors. The have advantages at low frequencies, with simple

structure arid good resistance to high temperatures, gas corrosion and

Lm.,act wear. Their disadvantages include narrow frequehcy ranges arid

poor efficiencv at high freiuencies.

Some aerodynamic noises have very broad trequeuIcy ranges such tiiat

either resistive or reactive s)urid suppressors alone can not solve the

prublems. Resistive-reactive combined sound suppressors are therefore

em91oyed, with the ciaracteristics or both tytes ou suppressors. They

iave riot only resistive sound absorbing materials, but also acJustic

f'ilterin, cimponents such as resonat,t cavities arid expansioti vilumes.

C.)tse'quently, tiney are effective for brjad ranges of freiueucies.

hJiever, having the sound ausorbing materials, they have shiort life

in a -l icatiiots involving nigh tenileratures (darticularlv wit, flames),

,2jrrjsive -ases, and high speed gas flow conditions.

Receiitly, to reduce aerodN-namic noises with relativelv broad

I re,;uercv ranges, and in the meantime to enhance the eftfectiveness

under high tem,,eratures and steam arid corrosive gas flow, noise control

wjrkers have e:nstatitlv carried out research on imnnr,3virig designs of

al I -etald I li sound sutn,,ressors, Une new product is the sut,',ressor

based on metallic , laes with fine holes. The plates themselves have

t)th resistive antd reactive 'Aro 'erties. Xith roer arrangement,

the. c*arn I)e verv effective for broad f'rei;uencv ranges, anid sustain

hi-th ten,,irature, stear., corrosive Izas a.,;,ications. They caii furnetion
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well even when the gas flow contains large amounts of moisture. There

is some difficulty in thte processing (e.g., in welding) of the required

thin plates (less than 1 mm in thickness).

The quality of a sound suppressor is mainly based on three con-

siderations below:

1. The characteristics of sound suppression (sound reduction and

spectral properties): The sound reduction can be measured in terms of

transmission loss and insert loss; for field measurements, it can also

be expressed through the decrease in loudness levels between the exhaust

outlet and the inlet.

Tratnsmission loss is the difference in sound energy uetween the

inlet and the outlet. By its definition:

&L.= 10 log 1 /W2  = w- Lw2 (db) (3.1)

where is the transmission loss, L the inlet sound i)ower level,

and L the transmitted sound power level.

Since the sound power level can not be measured directly, trans-

mission loss is generally determined through ttih measured sound pressure

levels. Witki a sound transducer located inside the sound su,)-iressor,

one measures the sound level (total sound pressure ltevel and A-sound

level) at constant intervals between the inlet and the outlet. The

relation between the noise reduction and distance can be derived. The

total sound reduction of the sound sur,,ressor can then be calculated.

This method is free of interference from background noises, anid reflects

correctly the characteristics or the sound suppressor as wel I as the

sound reduction ,recess. However, the measurements are tedious, and
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accurate measurements can hardly be made it) high speed gas flow.

Therefore, approximate traiismission loss is ofte- determined byv

measuring the sound level (total sound pressure level and A-sound

level) at various holes drilled through and along the wall if' the

sound suppressor.

A simi~ler method for measuring transmission loss is based in

the difference at two ends. That is, the transmission lo)ss is the

difference in average sound level (total sound pressure level arnd

A-sound level) between the inlet and the outlet. This method is

sensitive to background noises. To avoid interference caused bv

high s,.eed gas flow, this method can also be used with sound levels

measured at some reference holes through the su,, rtssur wallI near

its inlvt and outlet.

In rield measurements, transmission loss as measured by insertina

a given so)und su-m ressor int-' tihe Ilow oath is more UlItuen used tj

evaluate tile iuality if such a su; ,ressor. That is, at ine .'r several

o inrts in an aeridynamic device, the average so)und ltovtis ( t .tai soutnd

ressure level and A-sound level) are measured with atid W ithou L filIe

instalIla ti ~n of the sound su' 1 ',ressur. By inser irn, the suptoressorz

inti the Flow ',ath, this method can be used eveni if the aerodvnimic-

devicv involves high tem:.erature, high I'low ra te , a nd c,)rr)s i )Ikt

transducers, or it has walls not suitablu t'or hole drill inL. rut,

weakness j. this me thod is that, with stroiar baclkground iii isus, t-

accurate measurement can be made,

To ajvoid interfePrenice due to backgrround noises inn ev'al101a t

iof a g4iven sound stiun ressor, ane call also rely off the soundlel
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changes at tte exhaust outlet (or gas inlet). The sound reduction

is determined by measuring the difference with and without the sound

suppressor, in the average soJund levels (total sound pressure level

and A-sJund level) at one or several points with known distaiees

trim the exhaust outlet (or gas inlet).

The transmission loss, the insert loss, arid the sound level

changes at the exhaust outlet are the main indicators -il thu effective-

ness of a given sJund suppressor. The larger these values are, the

better tihe sjund suppression. however, tihe results are simetimes

diftferent t'rim different methods. one has therefore t) indicate

the method bein,, employed in each measurement.

It is not enough to evaluate a given sound su:,ressur sim: ]v

by c nsidering the total sound pressure level and A-sjund level, orie

has t, knrlw its spectral characteristics in terms 'i the' siund

redue Ti ns at. di ' f'erent rremiueicies of t'reiueticv hatds. Individual

me su rt,1cIll S it S -Ci f'ed Ireluencies or bands Uave t ) be made.

Ue'tv are j ten ex.,ressed in o'tave or th ird-oc tave bands

Irres e.tive of which method is used, the backariund noise

,jrrp,:t i ,n must be made. using Vi I. l.q or Table 1.1.

hitii tl,e s und reduc ti ) determined in leve Is (dh), .one can

,a i cula te I hen, thr'ugh certain relationships, the sound power level

d i fereice (d), s iund iower di t'erenrce (htt), icu(.ness level

dl Icrerice (l'ini), Ioud!iess differenice (sone) , etc.

Aer.idvna mi c joro erties of" s..und s 'mi,russors: The aerodxna ri ic

r r tirtes are alsj i mortant in evaluatinA a :,ive s )uiId su .,[ressor

.inee every su:,pressor has t be instal led a :ng tlie fl )w oati, i i
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will undoubtedly affect the aer)dviiawic charac teristics )I the deri-

d\namic device. If only tte effectiveness in sound reductiou is taken

ijt) cjusiderati)ti. but the aerodynamic aspect is ignored, a sound

suppressor can sometimes reduce great!v tile efficienc, of an aero-

dynamic device, or even cause tile device to bec)me completely inouerable.

For an air-ehanger hiavinr a sound suppressor iti too large f'lOh

resistance, tio device will have too low air pressure to deliver enuly,

air flow. If tile resistatce from a sound c)mlressur is to high in an

internal combustion entginie, the eL n tie may etd with too 1,ow power to

start.

The aerodynamic characteristics ofI' sound suppressors are mainly

defined in terms of resistive dissipation and tile resistance coefficiett.

The resistive dissijation arises fr)m the fric tion o' tile inner surface.

the elbhow. thle hol es, arnd tihe cotduit cross sectioni variations of the

s uund su.jressor. It is usuallv exp)ressed in terms )f th" t.)tal pressure

dILffervnce hetL&eer1 th. inlet atid tile Jutlet of' the su :,r1-ssor. If' tile

I'low rates are euqua at tile two. 1,jcati )s ,)'one ca , Lteni use the Static

!,ressure dit'erence. (A,,pendix 1 lists resistive dissipation assciated

with some co'mmon tnetwrks.)

unce tile d~tiamic pressure Pd and the resistive dissiiation Ap

jt a given sound suppressor is determined under ditferent wind velocities,

Olie cdl cal culate the average resistaince CJ ''icient r 1r m E tLiiti)l

('3.2):

withn Ap be in, tine total average pressure di ff'erence between the in let

anid the outlet )f sound su.),ressor, and being tit average dnuaric
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pressure at the cross section containing the point oI measurement.

3. Specifications of sound suppressor (dimensions, prices, useful

life, etc): Siecificatiun of a given sound suppressor is also an

indicator of its quality. With tile same sound reduction capability and

aerodynamic characteristics, it would be better to have smaller

dimensions, lower pirices, and longer useful life.

S3.Ll Sound Absorbing Materials and Sound

Absorbing Structures

3.2.1 Sound Absorbing Materials

Sound absorbing materials are materials which can absorb sound

energy incident on them. When suund waves ecter the fine onenings

of such materials, the air and tiny fibers inside vibrate to dissi'ate

the sound energy into heat through triction and viscosity. Theretire,

most souad absorbers are sot't and orous. Th(:re are fine holes at

the surtace. These holes extend deep intJ the materia!s and are

intercoJnnected. Thcreiore. sound waves can enter easily. Lxam,,les

o)I' g.,od absorbing materials includ, fiber oloss, mineral tiber, asbestos.

wojl, cotton, Ka:alon fiber, sea-weed, foam plaStics, wood Chi,' b )ard.

suaarcane fiber board, aerated concrete, sound absorbing brick. etc.

,-./:v g- e ~.Fig. 3.1 shows scematicallv the

1) roc ess o f s )und absor: ti jn . h Ih I

,3' "incident s,)und wave (1) arrives a

the surface ol a porous aterial, the

wave (2) is re t'l !c ted 'r )m the surface,

while the wave () enters the i.ater i.
Ur '1't- C! ' rr o

- Part 01f this sound waeC ) is absorbed.
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Tie utn-abs.,rbed ,),rti-jn is reflected bv the ri id w~all, and passkes

once more thtroughi the :1orous material~ be fore reaching the surface.

This rep~eated pricess al lows must ot the- sa)und to be absirbed. Unl1V

a stuall ortiju is returned ti the air.

For practical. -ur, uses, the phyvsical iarameter describitig, the

sound absurption ability of' a material is Must a tte(1 Ot s,.utid absurptiin

cuefficivint a. IL is defiried as tht. ra tio j. thc abs ,rtied S )und erv

tj the incident eierog.,. That is

E, _ Ei.h ()

w te E i tc iden L s .und ene rg y, L ref[icted s.auiid t-nergy. aiid

absorbed sound eiiergv.
a

It is obvious trim LIuat~iui 3l tiiat, withj a erteci, refectLive

surface (EV = E ,a-o -, 1r a url'ect absar:,tioiti surface (L U),a-1.

t-ir aeieral materials, tie sounid abs-ori;t)tn kceft icietielidhs a value

1uetwecln U and . The lar'qer to, di)s,)r tijr cuet ri, jeill is, tie bettei

the sound absar,,tion e ifeet.

The njalIitV ,) a s.juUnl ais )rbiii- mo tern a I is s)me L im ,s ex% ressvd

ini terms i)t si)utd resistanice Z A* It is Ltit ratio beiwueen tiit souiid

ressuri-' -in a fiveni c n)ss sect ian adA tite -assage value .of this cra)ss

Se CtLi Ln ( v )Iune 'e I jc it. o r i nea r velIac itv MLI LI id L:(] b e c r,,ss-

sect i aria I areai)

=p V (surdo )( )

Saund resistivi t is te.t resistance, er urii areda.

There is e: c niversioni relatianisiji, Ijetweeii tht SJUnid re sistarl e

atid ttue s urid absort ii c )eftic iet.

Fo)r ant iricide~t agle e (the ar:1let With, Lilt nr-mal direct] )in Ji

tlie ausorbit, structuire), '



-1- Z, Cos6 - PC
Zcos + 0C"

ur d fuse in ciden ce, 
i 7d0

When ttue sound resistat,ce is independent if tile iucideit angle,

this ittegration cat, be expressed as

a =8 R - (k + 2R + R +1
R1 + X1 R2 + X1 /

+ i +H ) ( : k!aro tg R + R( 7

w,,ere e- difIfuse inc idece sound absorption c efficitcit: R- -, arId
PC

C= are , respective v, the real and imaginer\ arL rt' tue sound

re sis taco .

The s~und absor)itir ability t' a ,,Jrous material is delerinined bv

the t'UAIoIiu n actors:

1. Flow resistatce R of ti e material : It is tire resisiance t

air f1 ow throug ti j o,.enirri s: it is defined as tht rati) bet ,euti the

static pressur,, di fference across thi material atid the linear vel ici ty

)L' the air f !w, -1roJvided ttrat a steady I'Ijw is maintained Vl Ith I ow

L 'A rate:

1) IKS tavls mans k&p m-s in tire I .K anit svs tem
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Sb.ecific flow resistance r is the f!ow resistance *rrtn uniL

thickness Jt tile material. Its unit is 1a~lcm. Ty.,ical secific

flow resistance values are between 10-10" MKS hayls cm.

2. Porosity q: This is the ratio between the. air volume tj tue

total material volume. In this case, only the interc-nnected air

,*assa-es accessible to air flow is taken into account, not including

totally enclosed air :)ockets. Common porous materials have iiorosity

above 70o, most of them above 9ocY. For example, mineral fiber has

,orosity af SO11c, and fiber glass has )orositv higher than 90.

Structural factors: This is a physical ,uantity determined b>

the structural characteristics D. a sound absjruina material. In the

theory of' sound absortion by ,orJus materials, models are made by

assuming the arrangement of capil laries iQ u!o c the directiong perpendicular

to their wall thickness. In reality, the air bubbles, sl)acings and

c )nl i-urations in the )orous materials are rati( r irregular. ro arrive at

an agreement between the tueory and the fact, a correction factor would

be rejuired. This is the structural factor. It usually has a value

between 2 and 10. When one kind it' caillaries is arranged randomly.

the structural factor is 3.

It i known from both theory and experiment:

I. When the thickne:ss is sutfficientlv large, the souud ab&-jr-'tion

oe4ffi, ien-t- 19- g-re-t e-r if t.- s-ieit ic flo w resis TanCe arid the st -uc-

tural factor are small.

2. hhe., the thickness is not large, r maintains tlh( best va uc;

whien r 103 MKS Ravls,'cr, tue sound absortion c'-efticient is higi --
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as in fiber glass anjd mineral f---*-r of a given densit,; but when r z 10

MKS Rayls,'cm and r 10 4-10 5 MKS Rayls,'cm, t,,e sound absorption coefficient

is relatively low -- as in wood cuip board and sugar-cane fiber board.

Therefire, in studying sound absorption materials and product development,

it is practical to control flow resistance in order to raise t(oe sound

absorptive ability of porous materials.

3. With given specific flow resistance r and structural ractir s,

tne low and medium frequency absorption coefficient generally increases

with increasing thickness of materials. For soft ad low density

materials, it fiow resistance is in the range of 10-10U MKS Rav]s 'cm,

one has to increase the tickness to euha ce tue sound absorl-tion

effect for low freq;uencies. If t;e r ow resistance is very large, as

u' to 11?, MKS Rayls,'cm, there will not be much improvement in the sound

absor-,tion coefficient even the thickness is increased. Gn se;uenl y,

twere is no need f ir very thick board materials with higher density.

There are two common laborat ory me thods fo'r determining tile sound

absir tion coefficient otf materials:

1. Sound-mixing room method: Through the measurement o, the sound

absor,tiJn ce ef'icient during the sound mi.ing ,eriod in a sound-mixing

room, the sound absorption cetficient amOf a material for a diffuse

incident sound cani be determined.

Assume Lhe sound mixing time in an emp Lv room is t e the n

0.lol V A, k3 v)

whe:re V is the v)lume tite riomin m): '-Ind -i the total sotund absorption

in the emlty room, in m , A--S.
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Assume the sound mixing time is tm in a room equipped with sound

absor)Lioin material samples, then

tm = o.Ll " (Sae + SmaM)

where S m is the sample's surface area, in m. From Equations (3.7) and

(- %.). e have

e O.lbl v (-] IL) (3.)
m m te

With the sound-mixing room method, one needs very large area of'

the sound absor:ftion material sam;)l es, as well as very long Lime

recquirements o the laboratory (sound mixing room). Therefore, it takes iore ettort.

2. Standing wave tube method: The standing wave tube method can

be used to measure the siuad absorption coefficient when the wave

nro iagates in a direction perpendicular to the surface of the material.

The testing arrangement is shown in Figure . This method is mainly

based on the measurement of the standing wave, which occurs as a result

of the reflection from the sound absorption surface or a longitudinal,

single wavelength, plane wave. (It' the tube diameter is not small enough

and tL. inner surface of the tube is very smooth, the loss at tihe tube

surface can be neglected.)

a. 1 i ".,l

. cavity_
c. :a:- Xe "atera.

. 11r.' frc-.ue .c ,' 1** _  
*g**f . "

re c!- ato r /
*-.sar-izzer cart ,

i. -cae

Fig. 3.2 Schematic krrangement of the

Standing have Tube Test
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For a given material and frequency, the ratio between the maximum

and the minimum value of the sound pressure in the tube is a constant.

If this constant is n, the sound absorption coefficient for a normal

incident sound: 4 (3.12)
n + 1 (3.12

n +2
n

For some standing wave tubes and spectrometers, the sound absorp-

tion coefficient can be read out directly from the indicators on the

instruments. Therefore, this method is simple and is convenient for

making relative studies among different sound absorption materials.

However, the method is valid only for plane waves (i.e., for sound

waves with wavelengths greater than 1.7 times the diameter of the tube).

Tables 3.1-3.4 show the testing data for the sound absorption
1)

coefficient of materials in this country

from testing results on sound absorption materials we know that:

1. As far as sound absorption ability is concerned, different

sound absorption materials have the following order according to

their effectiveness in sound absorption: fiber glass, mineral fiber,

Kaplon fiber, seaweed, asbestos, industrial wool blanket, perforated

fire brick, sound absorbing brick, perforated concrete, wood chips,

wood fiber board, sugar-cane fiber board, etc. The sound absorption

characteristics of foam plastics are not stable. They depend on the

fabrication techniques, the continuity of the materials, and the

sizes of the capillaries. Some of them have high sound

absorption coefficent close to that for fiber glass.

1) The sound absorption coefficient values in this chapter are

based on the various testing data as gathered in China.
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Table 3.1 Soun,4 absorption coefficient (Tuhe te~tir- t-c)

of fiber zlass, glass cotton, mineral resid4ual cottor an',

their FroIucts

II
a. M.aterial b. Thickness, cm c. : ensity, k7/m

d. Sound absorption coef-ficient at various frecuencies

e. Production location

o o 5 o 1 oi

80 U.06 0.08 U.1IS 0. 44 02 0s
"0.0 0. 72 O.S2

5 10o 0. G7 0 10 .25 . i 0,7 0
130 O 0.10 0.12 0.31 n.76 0. 0 ,,T en- ng

9 70 0.12 0.30 0.72 0.9- 0 91 o7

"aker" fieer Klass z 200 17 T . . . .. ..011
4 2OU 0.13 0. 2 I 0. 5

6 200 u. 25 0.3 0.N2 ). , g
09 ,o 0. o .0 54 0. .. . o1 0 .

raw fi",er t as 5 6 0.000.0 0 0.2 UA ",, II n 0o.12 ! U. 0o. o. ,; :. 0v. en-j nra., 3L1 r c a s ' 10 O. IZ ! ,21 0.O0 .v 1).,,4

5 20 0.10 0 3i .S!0Se10 2o 0 0.2i 0.60 q .5 . 1..os;5 0 j5 I.., A
9

gt

ultrafine -lass cotton I' 20 .S' O . 0s.5 o., ,L

25 . . t 0. 0. 0.3 .

5 17 0.0, 0 0.19 0.'1 0.91 O.Yl 0.9'
24 0.10 030 0.8 0. b5 0.i

~ 2 100 0.0 0.85 0~henoiic airehvie 0 08 o 0.2 0.42 .76 0.,,,

fiter q lass board 100 .2 .5 0.0 .,,0.
(w,ith the hard skin (1 1 6 100 o. ,17 7 i u. , .,,; S anz-!,i
laver removed) 9 100 0.25 0.55 0' . 0 .4s 0 ." , ,

6 290 0.25 0.55 0.78 0.75 0. 0 Io

8 240 0.35 0.5 0o.65 .7 0 ss
rera' residue cotton 300 .035 0.43 05 501 . - , 0 .

5 150 0.30 0.,S4 0. , A (f. .,3 '.,4

7 200 0.32 u.3 o . 0.7 0.83 u 0 .
I.$ 2U0 0.08 0. I s 0 " 41 1 7

asrhalt .ireral cottor. 3 -Do 010 06 0 o ) .o 0
l r.Ue t O 4 2 oo 0 .16 o .3 8 6 o. 711 I

6 ZOO 0.19 0.51 0.6, 0., 0 I.,
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Tatle 3.2 ioun abscrption coe-ficien o -i ncl .. i

an. their :ro ucts (Tuhe testir- methO. )

a. material -. thickness, c- c. stk/-

d. sound atsorrtion coefficient at various fr-- rci

1'*250 500 100200400 OOtIF

1 370 0.04 0.07 0.21 U.50 0.52 u.57
370 0.10 0.2S 0.5 o o 0 oo 0 ,:i1Utia 0 5 370 0.11 0 30 0.50 0.50 0.5#0 j e n

7 3-0 0.18 0.35 0.43 0 5U 0.53 0.54

I too . 0. 4 0.25 0.57 0.
5ea',eer: r7 3 1 0. Iif) 0. 0.1 . 0

[ .0 0.14 O. I" .65 ,. i .# o

00 0.10 0.1) ,.50 0.,4 .5 11; ,

ccarse he7 %A- 3 900.07 I 0.09 1 0.15 0.35 10.66 0.62

fine e r-, + I g0 0.08 0.10 0.17 0.37 0.70 0.72f

azl-estos c U ; 2.5 210 0.06 0.35 0.50 0.46 0.52 0.65

.:Co -- .C--
IN 2.5 0.03 0. 0 0.21 0. &o 0.70 0.7o .

c arca.e. fi e 2.5 10 0.03 0.14 0.15 0.30 0367 0.60

2: I: c3 0.10.1, .407 .2
1.3 120 0.09 0.13 0.21 0 .48 0.35 0.40

2 60 0.09 0.11 0.21 0.22 0.40c oa r,4.

k2 150 .1 0. 9 0.16 0.34 0.8 0.56C -r -4t Ii 40.19 0. 20 0.4 0.79 0. 4' 0.-70 [D :::
Ii

_t5 3 10. 0.53 0.15 0.63 0.54 0.59

..3 260 0.07 0.09 0. 4 0. 18 0.2 0.i~g 7 'i er [ ar ~ t i 2 260 0.09 0.11 0.1:6 0.22 0.28 0.30 l : ' -  2

-u :' o'.-:er ste.< a.. I + 2 50 9.071).09 0.22: .4 0.55 0.56!

:- at- . rz 2.2 [ 32U 0 o. 0. 0. 15 . . 0.53 ; n - .

1... .. 0. 1 , 0. 12 0.13
car-; It, R 2. 5 260 0.05 I 0. .25 it. h3 "0 M71
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Tab-le 3.3 Sound~ atsorption coefficient of foarm riastics- rraterials

(Tub-e testi7 mretbhoc')

a. .'aterial b.ti-ickness, cm C. c4ernsit'v,

d. soune absorption cQefficient at variouv- fre&-uerncies

e. rcro~1uction location

3 56 I0070.P 164'f 10S7 0 721
4 56 10.0, 1 .2510. t5I0 - i(. 3'0)
5 16 10. 11.3-.I

371 0 t:~ zI ' Tien-j ='g
4 71 0. 17J '1 '~ It ),tI)5 b~t7 )5

571 ju 2011, 32- 'o.r2 .,,,.

-o 'aino-ester ~~--__
foam 7ilastics q I 2.i '1 I0 I!t. . I. I' ' .S3 I

3(j L 40 0. 0641I o. 1 .0..4t!'.s'"- ,-' Peijlng

5(t II)l 40 061U1310 -3! .).651!. 71"0f. b2;

4 45 0.10.3 0 0I.75o.

6 45 102 5o) 2 - f).671 o.hi.l 1 , 1

8 45 20~ 4010.* 951)n, 911). 9910 1

fo am -mastics 14 .5 36: 1s:0.: 3 m 60-I0lb.8 ien-ji'n2

ocl>'e t-er e t!.'dene 26 7
fomrL~jS3 26 ~ !d.Pei ng

urea alle!-:ye .. 3 20 0o. 100 17r. .4510.6,-1.65!0.s

20 0. .2 .2). 400. 6810. 9510.94 un -r n

r be o I ic al-'ehyd e - ~ ~ * I28 0l 05.). 100J. 211.J5 510.5 2'n 6 2

f - -.ac tics 2 1 .080. 10. 30.52;0. 5e,10. o(

~- rQ I'cb r- 2. 5(M6~ 10 54.40.1~ 5(.04.6,

ct4 S 4.5t r 40 9l.12 j.05 in 1) 1 10

k(lctr- i-ole-
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Table 3.4 Sounr absorption coefficient of' builr;ir. materials (tu-e

testing ethoc)

a. material b. thickness, cm c. -'ensitr, 
3

d. sound absorption coefficient at various freruenciez

e. production location

"T * k1 2 , 500 10 0200 4000,

7o *
' 

OS. 2:0. 381). 4 SiO. 650 661

55 I 1 4 i;j.5 1.t50 6

rerforated -rick _.. R , 20 1V. .41  D. 4 1k. 5nL61 Peijing
I .o 133.2,.220.300.290.2 "

or. aL.sor t in!. ,7uartize 6.5 1500 f) 0 ".24- S !_0.470A 40

riC!,
4 12t0 1I.ii,.321.52 .4-jJ.52P.33

- a -lass • 4 . 3 .42.32

I tirn. 2,N).321 .34:0.430.3A1

4a i . 0 . 031, 810.421.37 .2 .31 huni -n

00 6 0 . 1). 3 t1 0 . 1 -7 0 . 3 31

i roa D r:ate 5( 1, r.5 5 i , . 11 1, .48 3 , 0.3'

cocrcrete e-.nanded .50 .o It, I.4 . ... 5 Pei --'c

-. arlite .oar 9.. 3 ; 9 ,'o 1. ;4 47L. +oo 4.8 .3.5

foar concrete (white)--. . -' 4.4 2-10 5 -f- a'2-4 g !n. 2 . 4 0 5'1 1, 8.52D 4 10.J .'0 S

(ye I o.I, t S 2n.4a) 2

4. 1 ~340 1310. 6 . 5

a.. estc-vericulit,' -9 r I 3. 4 420 .2I317S 5

• ,'er-iculite r1car< . 1 240 1 3 40. 3 S- 3910. 5i.
I i .I I

('.ith y -I ,)
U (,ith hole2 P3
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Some of ttiew have low values like that fir wood fiber

bard. There are some foam plastics containing indepe~ideit air bubbles

not allowing air circulation, such as tile polyethiylene styro-foam.

Air vibrations due to sound waves can nut be transmitted tj the interior

of the materials. Strictly speaking, ttiis kind of material can only

be categorized as soft material, but not porous material. They have

different mechanisms for sound absorption frim tuat f r ,urous materials.

When sound waves are incident on such materials, the latter vibrate as

a result. The internal frictijn dissipates energy, and causes tue

attenuation of the sound wave. Consequently, tie sound absor,tion

characteristics are also different from that for porous materials. For

one -articular sound wave frequency, they will, resonant. Near this

resonance fre,,uency, they have a very high s)und absorti)n cefficient.

The efficik Iies fo)r sJund absurtion are greatly reduced foi other

[ re,juenc ies.

". Relationshi. between the thickness out a maLerial iand the sjund

absorition cietfricient: The sound absortion coefficient generally

increases with increasing frequency, and reaches a cJ-nstant tor a ,vivet,

're-iuency. With thlicker materials, tue s und absorjtiuii e1'IiC iktl}C" I 'J

low and medium 1requencies can be enhanced. However, c nstdering the

economics, the thickness can not be increased without a limit.

There is ractically no effect oa higrh Irc ,uency absortion by

increasing the thickness oi materials. For fiber ,lass uith thickiess

more than i cm, the high frequency average s)und abso r Iior U-)el'licif- n

is generally above ).90. Fjr mineral fiber with thic:Kniss more thati

ot cm, the high fre(,uencv average soutd absor ,ton is e£ji, tlI iS i:) )l t

i). ). F)r .)lastics with tiickness more thani 4 cm. ii tm resistinct,
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is low, the high freiluency average sound absorptio)n cue 1f ic ent is

a bo ut U . LO; ii f ri w re s istantc e i s h igh , thlie hti gh f retu eicy a veUrag e

sound abIso,)rpt io coe f fic ien t is S 0.8O-U -85; a nd i r th e f 'oW re s istLanieu

is very higih, tiien thie high fre~jueiicy average sound abs.,)rition coefVficijent

is below 0.-75. Industrial wool blanket, sound absorbing brick, etc.

have hight fret;uency average sound absorptioni coeff icijent belo w 0.7-.

',Iust sound absorbing ma terials have giod high [reqiuency sound

absorption p'ro )erties. There is nio upper limit 1',or frequencies as far

as sound absorp~tion)t is concerned. There fore, relatively Lthin sjund

abs ,r,,tionr materials would be enoughi fur h igh fret Lienecv so,,und. U

ttie ,) Lltr hand , one needs thick materials to absorb low t're,;uenc, sound .

o.The effect 'of sound absor, tioni materials' density on t(,( sou)tnd

a bso)r pt ji coeff ic ie nt: Since the density ifV a sound absor tio-n maiterial

is directly- related to the flow resista-ce, it has a certain ci feet oti

tije s )nrid abso)rption coeftfic ient. If the deis it v is lU.Ukg i t r

ulIt ra r i ne fiber glass, the resnltant suund alos irtioi c )etUric iett is

u . k))( V9 a .Ii thIe hi ih f reieticn v ave ra ge sou ti(I a io so)r ,t if Cii 1e tti c i e t t

i s 1).' If the deiisit% is 233)k- m for ulItra firie fi I) r -,Idss , tie

re-s iaiit so)und absorptioni co)efficient is 0. nu-u.9u) and the him runeic

avera~e sound abosorption coot licienit. is u. mU. For ultral'itie fiber --lass

%ith denis it )' 5-4d kg, 'm-- , the res rialt svufld absorn)tioni cU ef ici ent

is redi ced tj O.7-,O.-U and the hi-'h rrelniene\y avera.-e so)uni ld tu

c )elticient is reduced tj i).-i. But in contrast to this, tht- I o' fre nene ,

s )Ind aoso)rption c-ocffficiunt inicreases, i )r ul trafinf. fibeur c>(ISS. If

tie deinsit, is decreased trim 73-., m i to 3-,-30 1,4 nil )r U rim- -,i

kk M-) tpl-( kai>'m .
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For most sound absorption materials, if the density increases,

tihe low fretuency sound abs-ort on efficiency increases while the

hiti frequency sound absor-)tion efficiency decreases. Therefore, one

has to reasonab y select the densit\ of the sound absorrtion materials

to achieve best sound absorption results.

Apart from density and thickness, the sound absor')tion ability or

a material also depends on environmental factors such as temr)erature,

humidity, and air currents.

1. The effect or temperature: hhen tem,,erature increases, the :2eak

s)und absor .tion elrfi ienlcy moves towards higher freuencies. 1lhen

the ter.,erature decreases, it moves towards lower fre, uenciCs. This

ct rect is due to the change in wavelength through change in tem,erature.

It should be noted that, in selecting sound absor;tion materials, ine

should not g bey)nd the working tem era ture range of a given material.

otherw se, riot only is t;ne material not ef'ectitve, it will also

detcerirate fast. (In A, .,cndix :' soJme thermal i.r),erties ot s)utnd

absorption materials are given. They may be used as reference in material selection.)

2. The effect of humidity: The absorption of moisture or water causes the change

of a material's properties, as well as sealing off passages and small holes insioe

t:ie material. This leads to a reduction in porosity of a porous material, affecting

the sound absorption characteristics of a sound absorption material.

Table 3.5 shows the water-soaking effect on sound absorption of fiber olass. It

can be seen that water-soaking first causes the reduction in high frequency sound

Table 3.5 Effect of water absorption on - I
the sound absorption capability of glass b , 20 ,X rK
cotton (glass cotton blanket, density K.,___)__t _

25 kg/rn3, 5 cm thick) -A-
Key: a. water content V6); 0 o3 o.,5 o.Q.

b. sound absorption coefficient at 20 . , as0 "
various frequencies. o o.) .s 5 3 ,
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absorption coefficient, followed by the extension of this effect towards lower fre-

quencies when the water amount increases.

. The effect of air stream: Apart from the foct that air stream

blows some fibers away, it also causes the change o[ the sund %avelenath.

This leads to the shift in peak efficiency or sound absor.,tion t.iwards

either higher or lower frequencies.

--. 2 Sound Absorbing Structures

As mentioned before, one has to greatly increase tie thiikiiess

,) sound absorbing materials. This is not economically sound. Ther(.-

l'ire for low freiuencies, resonance s und absorbing structures dre

ot'ten used f ,r s~und absor:jtion.

A single resonator is shown in Figure -. 3: a cavity ol volumie .

a s,,all hole with diameter d turough its wall, the neck ]cn--th

This kind of resonator is called the lielmholtz resonator.

1 hen sound waves reach the resonator, the air inside the neck of the hole moves

back and forth under the sound wave pressure. This moving air has a constant m; ass.

It resists the velocity change caused by the sound wave, just as the inductor in an

electrical circuit has the effect of moderating the change in electrical current. \t

the same time, when sound waves enter the neck of the hole, part of the sound enercy

is dissipated into heat through friction and resistance. Such friction and resistance

are equivalent to the electrical resistance in an electrical circuit. Also, the air-

filled cavity has the effect of resisting the pressure change from the small hole.

This is an analogy to a capacitor in an electrical circuit, which resists the voltace

change across its terminals.

Figure 3.3 The structure of a /
single-unit resonator //
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hheti the sound waves have a frejuency equal to the natural frequency

itf the resonator, resonance will occur. The vibration amplitude is

at its maximum. The air column moves back and firth in the neck of

the hole with a maximum velocity, as well as a maximum frictional eniergy

dissiTYation. The sound energy absorption is therefore also a maximum.

Such a s)und absorbing structure is ca! led a res.)natce sound suppressor.

It should be made clear that the cindition fir Helmholtz resonators

t) be da)plicable is that the wavelength of the sound wave must be greater

ttiani tie dimensions )I the resonace cavity. Furthermore, dimensions

)i tn oei ir, on toe cavity wall must be much smaller than tu-ose of

ticeaIvi t. ~uilv noises with low freluenc> and Ion,, wavele:,gtn cat;

satist'\ these conditions. Therefore, in geieral, llelmholtz res'onators

are useful for low freluency noises onl-.

Inen, to what factors are resonance frequencies related? According

1 e!,.ctrical circuit theory, the res'naice freruencv t')r a circuit:

i, e re L is thIe i idtic tatce and C is tIe ca pac ta ce. Be v c )ijoa ri:ia s.)utid

a:,d electricity, we cati derive the resona,,ce freq ency in a sound system:

2(T.1,)

were c is th, sound s eed: S is the area of' the s;iial I hole: +

is tle eft [e tiv neck l enjrttt : is the neck lerith or tHit h-pard thici,jiit ss

tfr a .)oard w thi drilled holes, t k is a c)rrection tact'r, [or a cireular

h') , t = 0.nd; a rd V is tl~e vj 1 ume ) f the ca v ityk
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For a single resonato)r, thle frequency bandwidth At with sjund

absor,,ti in coefficient greater thani 0.5 is

Single resona tors are highl y se : P tive in sound absorpt iun. it h

narrojw bandwidths they can only abso rb no ises wi th very siwnile souid .

In industrial a.plicatiuns one often has to use MUlti pie resonato)rs.

That is, tO have many holes ratht-r than just one Dn a board. W hen the

number 'if iioles is ti, the resinance fre';uency is

aor = 1i

where- is thet degree if jaenitl-s, i e. the ratio, be tweent Cte are.1 )t'

-). euin js to thle total Surface area. ('Fie rela ti)ins between 1' and tile

Iti Ic diimu-nsins anid tnu distance between holes caii be fUiund in A 'c(idix

D is thle cavity de,,th.

Ti make it convenient fur ca l a ~Lions, L(ua t ion (5.17) is L'v-rtsseI]

in a diagram (see A!)erid i. 4).

Phe so)und abs'r'tIiin fjliicienL at resojnantce Ireliulw';nV is:

4r,

(0 + r,)' .I~

%where r is ti relative sound resistance. It is dIetermnted( by I, )u

rkesistaneP- r, tho effCect ive 1~rl~ I Pllth 
1 ,. and degoreef ii .I wnriih-S

11. In a mathematical rrsltt n
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POCO (-. 9

The banldwidth fijr a multiple resonato)r with sojund absirptiun c-iL ificien I

g1reater than 0.5 is

AJ 4=1 AD,(.

Several va;ues 0[ a and &f as determined by thie tube method are giveni

be I ow:

1 . Fix.ed holIe d iame ter a nd cav ity de,)th , varia bl.e degree i Ii jetiings:

Figau re -. !i sh ow s th e so und a bs or pLi o n cije C['Vi ce Ln t ii a resorlatir wi th

the degree or' openings P = 1-8%;, bj)ard tijickness t=! .5 mm, hole dimenisiins

(0 1? =., -;d -,av:7' &Jerth D=130 tum.

Figure .5shows the sound absorpt ion coefific ien t o,)f a reso)na tor

with PU58",board thickness t=2-.5 mim, hole dimenisionrs 0 7. n

cavity, depth D=150 mm.

Frim Figures -:).1 and 5.5. it cani be seen that the sitnd absi)rlti-on

efltic ierie v is better wihen the degrree if' o'enings P is in thc range it

1-. For absorptionbnwdh1 above 150 Hiz. particularly rt)r resonratirs

The ahsorpt ion bandwidth referred here is the freuenic. handw i dti

cirres~wridinz ti) so-und absorption coeffic ients higher thani ,-Uc

W ith p=1 .5-2. 5C,, the sound absorption effic iency is eveni better. Fo r

,2xamlrle, With] P=2%r, two resona tors with hjol1e d imets ionis (; I 0, anid

have bandwidth reachLiing about 300 Hlz.

Itheti the valtue 'it' P reaches ljc%, there is a smallI reduc tio)n ini sounid

absorption c oef[Cic i crt ( at the resoniance !ieak , ica riwh i I thje baindw i dtb

is also reduced to below 1-50 11z . lvhet the value )i1' 1) is above 5
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both the sound absorption c )efficient at resinatice peak a:,d the band-

width have signi ficant decrease. When the value of 1P is above S %, tue

s)und absorption c.efficient drops appreciably that the maximum value

is not beyond 40-50,. When the value of P is reduced t) a certain

level (e.g., O.5;), the resonator will not be sufficientlv effective.

Therefore, the sound absorption coefficient at resonance peak as well

as the bandwLdth are much lower than those at P=l-3c'.

scun-4  Wbsorpticr. 100 100 ac

40.

20, 20

IDO

80O I-3 P-6

60, 60

re40 .z )\

20 0

1 100

8080 P-3 s F 7

40, 80

20 40

f e cv (4)100 200 300 400 100 2N0 3W0 400

i-,ure 3.4 Sound absorption cl'efficient of resonators with

differetit degrees v penings (1)

(Test resonator: Role dimension P 10 m, noard

thickness t n .5 rum, cavitv de ,th D : 15() mm)
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a. sound atsorrticr.

coefficient -( ) P-o.5 g

W 0 \ 60

40z 40

20 0

oo o P 3*
80 = " 801

60 60

40 40

20 20

80O8

80 60

j 40 40

20 20

P-VA P-Sy

40 20

100 200 Soo 400 100 zo 2 00 ..0 d00

., frequencl. (!z) -

Figure 3.3 Sound absortiin coefficient of resonators with

dif'fererit degrees of uperoings (2)

(Test resonator: hole dimensiuns 0) mm, board

thickness t = 2.5 mm, cavit;' depth D = 150 mm)

It can also be seen from experimetital results that tt;ere is a shirt

between resunance frequency data and theoretical values as calculated

t'rjm L uatiun (S.1.). C'or low degree ot oienings, exrerimental values

are higher than theoretical values, and vice versa.

2. Fixed degree of jpenings and cavity de ,th, variable hole dimensions:

Figure -, shows the sound absorption cuel'ficient for res nat rs witl

hole dimensions between 2-10 mm, degree ol o,enings P= 2. cavity dep th

D I 13Q rum, and 6hiard thickness t .3mm. It, car) be seen 1'r )m tfle
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a.' sounc a .sorptio. x Oxs

coefficient 60 60

40 40

10000
2 20

60 60

40 40

20 20

10., 1 C0

so so 0 x 2

60,6

40

2020

O0D 100 NO 300 400

40

100 200 300 400

c. freauency (.:z) c
4O

Figure 5.6 Sound absorption cjefticient of resunators with

variabe hole diameters, fixed degree )t* -J-eenin-s

(2/), cavity depth (1)0 mm), bjard thickness (2.5 mm)

C. A
9.. ~~Ck -- A ' C7Io D =

C. -' I(" Cr "
D D. = 5 Cm

60

100 200 3UO 40U SA

r c r.c (Hz) *t. ,

Figure 3.7 Sound absorl)tiun cjeit'ie tienL ,)," resunatrs %it~h

variable cavity de,,th ( c-2u en). fixed de~re: oi'

o ,etlinLs (2';), hole diameter (0 10), aid bard

thickness (2.5 mm).
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figure that, in the range of " -2 lUmm, smaller hole dimensions yield

greater resonance bandwidth, but the difference is not a!1preciable.

Therefore, in this range, there is no significant influence on both

sjund absorption coefficient and bandwidth due to the changing hole

dimensions.

3. Fixed degree of openings and hole diameter, variable cavity

de;)th: Figure 3.7 shows experimental curves for sound absorption

coefficient of resonators with cavity depth D = 5-20 cm, degree Lf

openings 1 . 2%, hole dimension ¢ 10 mm, board thickness t . mm,

cavity derith D = 5-20 c':. As shown in this figure, the resonance

frequency shifts towards lower frequencies with decreasing cavity depth.

To extend the bandwidth oi resonators, one can also c ,mbine the

resonance cavity and resistive sound absorbing materials. That is,

by filling the resonator with resistive sound absorbing materials, the

sound absorbing bandwidth can be extended through the increase if tue

resistauce in the resonance cavity. Table 3.0 shows examples ot' such

cimbined sound absorbing structures. In gerieral, with the degree if

itenings within 10c , there are effects o both resonance and resistance.

wOhen thr degree ot' openings is above -'10%, there is almost no resonance.

Under this condition, the board with holes is not a resonance structure

anymore, it, is only a wide surfaced board then.

The low frequency sound absorbing cuaracteristics can be varied

l)v retaining(Y a laver of air behind the sound absorbing materials. W he

the thickness af this air layer is increased, tne low 'rejuerncv s )utid
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absorbing coefficient increases, with a moderate decrease in high

frequency sound absorbing c)etficient. When the distance between

material and the wall surface is just below /4, the sound absorbing

cefficient is at its maximum; when the dista.;ce is equal t. ') , the

sound absorbing coefficient is at its minimum.

As indicated by experimental results, the effect due to the air

laver is different fur sound absorbing materials with different thickness.

The thinner the sound absorbing material is, the greater The influence

on s )und absorption due to the air layer. It is riot practical to have

too thin sound absorbing materials. Table 3.6 shows several examples

of suet. combined sound absorbing structures.

Sometimes one cai use sojund absorbing wedges, as shown in vinure .

to obtain very high sound absorbing coefficient.

The best height of wedge h is approximately e'-ual to one half of

toe wavelength corresponding to the lo.west freniuencv in tne sund to he

absorbed. Such a sound absorbing wedge can have a sound absorbin,

coefficient as high as U.9b, i.e., it can abs~rb the s~und etnnr-\ almost

cMp Iletel y. If the rei;uirement is not so high, the wedge cart bea ',ro',ri,-

tely shortened. The sound absorbing wedge in Figure -. 9 has a s)und

abs)rbing celficient higher than 0.90, starting frm 100 lIz.

. ,, V

hh

Figure o. So)und Abs)rbing 1e(!,,e
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230 270

Figure 3.9 Une Simple Suund Absorbiig h~edge

Table 3.u SEound atsorrtion coefficiePnt Of co -' "-ine
sour. atsor'bin- OtructureS

a rluc ture .thickness,c- C. ;C.Ste_~~

*'-,. q c r t 40r~ coe ffi c iernt at various fr- C uen-c ie s

r rc-:uctior. location 4...

11 ~)/~'125 250 Soo 1000 200014000

~-na: Incotton
m.~e t, C I , 15 25 0.85 0.0 6U 4 .2 0.25

.Jq -,5 V J%1 1 25 0. 6 0.65 . 600.5 0.40 0.30

1.6 30 0.380. 6 30.60OKSJO.540.44

r .11,_7 6 30 0130.630.600fl 66L690.67

-ait l -!nerai i!&~~
1 a-: et back wit, .7P22.5 E*f 3 200 I ..-..8060.809

"71 4 4* 3 20O0 -30. 44. 7 3

C 76. MIE# 3 200 36~. 6610.660.640.780.90

It 41 1 .. 55Io. 880.680l.7009

1 c o t r : .lm ;

300 ~2r450 5210. 6v, 7 8
'C ir m-2V23n 6A)0 80!1 l. SSP0.8o(I
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Metallic sound absorbing structures with ulLrafine holes are

basically cjmbined sound absorbing structures with cavities and metallic

boards, which have thickness of less than 1 mm and ultra'ines holes

with dimensions less than ( 1 mm. The degree of oijenings is between

u.5 and 5,. Such structures are basic acoustic comoneuts with both

sound resistance and sound mass. Their cavities have also the effect

of a sound capacitor arid form a resonance system along with the b,jards

with ultrafine holes.

Ma Ta-You derived the relative sound resistance and relative sound

massresectively, for metallic sound absorbing boards with ultratine

holes as the following:

(;.u1)
0.335 s

d2 P

m 4 0.294(10-) '
P

where k and k are, resectively, the. sound resistane t..,nstantr and1" m :

the sound mass constant:

k _, _ + 2
+-. , (.;5)

32 8

~ + 0 .8 5 A x=0.214dV.

V9+2

Based on tht L,,ualons (..I) -j ,, or hoa rds with vr% smal

ir.fle dimensions, the r values are greater than t,ose %ith orm.il size

lolies, but, the' M values are smaller.

Th, resonance rei-ier V u' i s )und ibsorbinig s Lrue ures Wili, Ia )rds

Sultrfine holes is the same as that. in Luation (-. .'). ifwever, in

this ,Cdase the :)arameter 14 is
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1, = t + 0.SdPD3, (3.+P5)

where PD/3 is a tail correction factor, anid D is the cavity depth.

Resonance sound absorption couefficieut is the same as that in

Equation (3.18), and is generally above 0.90. The absoirption angular

bandwidth (bandwidth multiplied by 2 ) is approximately e(;ual Lo the

ratio r m A between the sound resistance rA and the sound mass mA . 4

This ratio can be obtained frJm Equations (3.21)-(3.24):

rA 1140 k
- == 2

M d k ( .)A m _ ,

It can be seetn from Equation (3.:"), the smaller t-e hoile dinensiion

r is, the greater r A/m is. Therefore, boards with -J le diameters less

tijan 1 mm can have muon greater sound abs'urption bandwidti than those i'or

blards with normal size holes. This is one i1 ttie special chiaracteristics

of ' sjund absorbing structures with boards if ultrat'ine holes.

LXterjsive experiments indicate tilat, w.eii the oairds nave tii ickliess

, = ().2-1 mm, hole dimensions m .- ram, and degree ot o ,,-enins P =0. -',.

the so)und absorbing effect is relatively go)od. It is even better ,hen

= 1-2... When t > Imm, d>l mm, the sound absorhing coef'ficient

decreases ar,-reciably with too large or too small degree if openirns.

Experimental results on single-laver sound absorbin sirueLures ',itfi

b)ards o,' ultrafine holes are shown in Table ").T. It ,an be seen 'Irom

ti;is tahle that god sojund absorbing structures with bards ii ultrafine

h les have more than u third-octave fre.tuenev ban dwidths. Une eln ,]Is,)

ch)ose tj use double-layer sound absorbing structures in order to obhain

,,rei ter oandwidth. In this case there are tw,) res)nirnce , eaks. Ihef

res )nanc e Fre ueM" 1(es are: 164



D5ill P,+ 7 I

(3.27)

Fiure 3.7 Sourd ab:sorptior coefficien~t of a sir Ie-lay-
b-oard \.'ith fine holes

a. f recuenc.r (Hz) t. sound atsorctioo coef'ficiert c -. cavity ierth-, c!-
~*scecification e. hole riamneter C .Sr'.m, !-oL rr th-icknesstQ.-,>l

f. hole diameter 00.U-n, board4 thickness t=( '~

\\a a i, poi i

4- P- ':%P2

10 15 25 5 110 2)0 20 1

100 0 (. Z 240. 3 470. 6.Q.0, -1. a,0 1 ::0. -0 0.26 O .12 0. 12

125 9. 0 5 lO. 4 . 3,-;0,7 Z0, 0 59. I ,. nf 0.25s b'
160 .0-0 ; -3 31) O 2f.0))-051 .35 ;0. 1Q'O. 26

200 1 56 0 -,7 0. 9 113.10. 7 r)33 ) 0.51 .30.0. 30

25 29 - ~ JI~ 85 0.6, '2040.50

320 3 2' 9 2O.9 01,1,7. 63n. 9; 0.77 'At .5 5

500 I e.sn. '.301 O. '2 0.52 0 3 64

630 0.50b:0~.l0~27.~ .2 0.5 34 R) 28241

SOO P7&.
0 

.2,....~07 ' l 0 4 1324,,o

1.25 k I@ !A,,) 410 7 t 4, '.

1 .6k ' 2 ,~ J. 310.O 1 '2 ' 3,:," C .r .: ~
'k 2 2 f.15;0, 1,,(. 4v 0, 220. 40,U. 0.0 0 ,~ ;

2.5k

3.2 k '

4k 
, N

5k k.2j3
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C I.P, '~

the cavity depth and the degree ,Ii o )enings; ~',D,, anid P,, are, resuectively,

the back cavity board thickness, the cavity de. th, and the degree )f

u')enin&gs.

Anti-resonance freq!uency is

I'i-,tre 3.10 is a schematic diagram itf the sound absirbimng hta rac -

teristics ii souble-layer sound absorbingr boards hith iiitral'inc hi Ies.

Such double-layer boards, it' awro ,riately arrang-ed, cani yield viery

b~road absorption bandwid ths. Table l, ~Iist~s the s.untl ahS rTt Un

r-je;l!'icient ior several standard do)uIle-layer bi,_ards with ultra tine ho les

in c irnbina tion. iruim this table, it cari be seen That 1tie banduidth )t'

a ajuii di)uble-layer siund absorbing structUre with bards )f' uliraiirle

ho] es can reach abt.ve 10 t. 1rd-ocetave fre,,ui ncy ibarldwidtiis.

Vigyure 10I Sceleatic dia~jram sb iwiric tie~t s.,nriila' 'i1

ciharac tenris oFt a douuble-! a vfr s )mid ons rbii-

board w ith ul1 ~ra F te h I es.
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Table 2.F- Sounr4 ahsors:tior coefficient of Aoub--,'r cn7o- . .:itn
fine holes

a. frecuency (;.z) . sounrd absorc tioncoefficie-t c :-o t cvi, - ... ,c'
P.. srecification I,

e. ol e riaeter C.5mr., oarc4 thickness t=O.im , -=. +

f. hole d iameter . .- r. boar thickness t=C.{irn, P=27 I

=1 hole -iameter O.Er-, board thickness t+O.Unn, =-+

h. hole diameter C.Er7, board thickness t-C. cm, .=Z.-2
i. hole ria.eter_ O.Gnn hoarr- thickress t=C.cnn, 9--.?

hole -iamezer C r- . m, boari thic!:ness t=u.lm., -
k. hole d iameter C0 .8nm toarc thickness t=C. . =

frcnz cavitv
hack cavity

0. re.arks tube testin ,.methlo-, ou scurq 7-i -rcc-- 7et-..

r. r+1 e' ' r s to: re-ree of or in S ftr t ' r -r i ,-- ar ' :

-n -4e-ree of cnin-s for thc - r-:

0 S=I)K:P-2.47 = 0. 4K 0. 7 0.4P P%.10.
~ ~.~25 ~P=2% 3~P = 3 "No,P-=55,+3%P 2.5-%+~ 2%. + 11%

+O Pre 0401

100) 0. 0. 17 0.47 0.44 0.37 0.4. 19 04

125 0.26 0.18 0 58 0.48 0.40 0.29 0.25 0.41

160 0.43 0.29 0.77 0.75 0.62 0.32 0.31 0.46

200 0.60 0.50 0.95 0-86 0.81 0.64 0.50 0 .3

250 0.71 0.69 0.99 0.97 0.92 0.79 0.79 0.91

320 O.8o 0.88 0.93 0.99 0.99 0.72 0.79 0. 9

0 93 0.97 0.78 0.97 0.99 0.67 0.62 0.54

500 0.92 0.97 0.54 0.93 0.95 0. 0 0.67

630 0.70 0.74 0.51 0.93 O. 0.79 0. 40 6.04

g00 0.53 0.74 0.75 0.96 0.88 0.27 0.98 0.74 (). .3 ,0

0.65 0.99 0.86 0.64. 0.. 0. 0.88 0.64 0.58I

0.94 0.70 0.42 0.41 0.50 0.61 0.52 0.43 o.,-

1.6 O.t,5 0.38 0.30 0.25 0.71 0.40 0.42 00 '1

2'k 0.3 0.24 0.15 0.17 0.54 0 45 0.42 0.46 0 "1

7.5 I 0.70 0.95 0.42 0.3s 0 47

1 2. 5A 0.) 3Q0 3.

4 0.45 0. 34 04

0.22 0.33 0.28 0.2'
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3.3 Resistive Sound Suppressors

Resistive sound suppressors remove sl und turough sound absorbinig

materials arranged along the stream )assages. Figure 3.11 shows

simpl ified pictures of several resistive sound suppressors.

For example, Figure 3.11(a), (b), and (c) are ttbu simplest tube-type

sound suppressors, which are also referred tj as straight-through siund

suppressors. Their characteristic is toat the stream passes througih

them without changing directions. Such sound suppressors have many

inetijods fur calculation, e.g.,

(i) (b) (C)

(d) (C)

.4 (C) (gb<1,

(zb)

'k)

Fiure 5.11 Simplified diagrams IU . ,eraI resist vi'

s.uid surjpressors
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1. t2 IOv Eljuatiori:

AL -1.1 p-

2. Sabine Equation:

3. Rogers Lijuatiam:

AL = 4.34 L- V/1i(d'
I +JI S

~4. IBruel Etjiation:

5. Gremtfr Equati-on:

ALl- .1 am~ (4)

U.Joule Eyinatiun:

wi th AL-- tihe a-iuutit ) fi sound be inif su~yressed db; P -- erimu ter J F

th~e active )arts, mn; -- 1entgth A* the active pa rts . mn; S -- c-r9 ss-

sfcc ti to at area o U the active ,~arts , m ; -- s jrid a bs.rjt1011 C c t IiC ieli

)fthIte s5j urtid a bs r 1)i i- ma te rna I s ( s ta Adi tl; wa ve tu1jbe m e t i d , i,, r!:i I

i tic ideihe) ; a -- so)und a bsor)t ion)t c effLiicijenit of S, urnd abSo)rhib

ritrtals (sjurid mixiing r urnm metho)d, radom iiicidetice)
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The relationship between a and q(a) is given in Table 3.91= I

Table 3.9 Relationship between a and P(a)

S 0. 1 0. 2 10. 3 10. 4 0.5 0. 6 10. 0. 8 10.9 1.0

A 0. 
"  

0.9

Among the previous equations, (3.32) and (3.33) are close to the

3elov equation, (3.35) is close to the Sabine equation.

Since the Sabine equation is applicable only for the following

conditions: rectangular tube passages with dimensional ratio 1:1 - 1:2,

frequencies between 125 - 2000 Hz, tube c ross-sectional area approximately

between 23 - 45 cm, sound absorption coefficient between 0.2 - U.S as

determined by sound mixing room method, this equation has a relatively

narrow range of application. Therefore, we will mainly discuss the

'iejloa equation (3.30).

Equation (3.30) is derived by simplifying the theory on plane waves

under special conditions. It leads to relative-y large discrepancies

from real situations. The calculated values are often greater than

experimentally determined values.

From experiments, when a<0.6, theoretical arid experimental values

are relatively close; when a>0.6 , q(a) increases rapidly and theoretical

values become greater than experimental values. According to experience,

when a is between 0.o-1.0, q( = 1-1.5. Therefore, by simplitying

equation (3.30) to equation (o.30), arid Table 3.9 to Table 5.10, there

will be then a better agreement between theoretical and experimental

values.
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AL -- (dt).
S

(3.3h)

Table 3.10 Relationship between ' and -(a)

(values based on experience)

0.1 0.2 0.3 0.4 0.5 O.u - 1.0

0.1 0.2'5 0.40 0.55 0.7 1 - 1.5

Furthermore, p(a) is not only related to the sound absorption

coefficient, it is also related to the area of the passage. when the

passage area is larger, high frequency sound waves propagate along

the passage as a narrow sound beam, with little or no contact with the

sound absorbing materials. Consequently, the sound suppression is

greatly reduced. By defining the upper limit frequency f as the
u

frequency at which the sound absorption effect shows drastic decrease,

then

fu = Kc/D (Hz), (3.37)

where K -- proportionality constant, 1-2, taken as 1.S generally; c --

sound speed, m,/s: D -- average perimeter value of the passage cross-

section, diameter of a circular cross section, m.

For frequencies lower than fu' the sound suppression can be calculated.

frirm Equation (3.3o). Theoretical values agree with experimental values.

F. r frequencies higher than f sound suppression decrease. sinificantl\.
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xD
The P/s term in Equation (3.30) is equal to x_' D for a

4
cylindrical sound suppressor. For a square sound suppressor, it is

equal to 4D/D2=4/D; and for a rectangular one, 2(D +D2 )/DID,.

_D,_

(a) Circle (b) Square (c) Rectangle

Figure 3.12 The cross sections of three types of

sound suppressors

Therefore, Equation (3.30) can be reduced to the following for

cylindrical and square sound suppressors:

aL -  (db), (3.38)D'"

and for rectangular sound suppressors:

- 2(D, + D2,)(a) (db). (3.39)
D, D,

For example, in designing one cylindrical sound suppressor: For a

sound reduction of 25 db, a passage diameter of 250 mm, ard an average

sound absorption coefficient a =0.5, what should be the length ol the

sound suppressor?

Solution: We know that AL =25 db and D=O.25 m. From Table '.Io,

when a =0.5, q(a) =0.7, then from Equation (3.3b)

AL X D 25 X 0.25
4q,(a) 4 X 0.7

i.e., the length of sound suppressor should be selected as 2.25 m.
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The structure of a tube type sound suppressor is simple and can

be easily manufactured. It also has good aerodynamic characteristics.

When air flow volume is low, tube type sound suppressors are generally

used. When flow volume is high, the cross section of the passage has

to be large to maintain low flow rate; the effect of sound suppression

is therefore reduced (particularly for high frequencies). Therefore,

sound suppressors are often made into bee-hive or plate types (see

figure 3.11 (l),(m)).

Bee-hive type sound suppressors are actually made by combining

many small tube type sound suppressors in parallel. Calculations can

be done by Equation (3.38). Their advantages lie in the good efficiencies

for medium and high frequencies. However, with more complicated struc-

tures, the resistance is higher.

For bee-hive type sound suppressors, each unit passage can cjntrol

about 200x200 mm.

Plate type sound suppressors are made by zombining a row of rectangular

sound suppressors in parallel. Each passage is equivalent to a rectangular

sound suppressor. Calculations can be done by Equation (3.39). The

structures of such sound suppressors are not complicated, have relatively

vood sound suppression efficiencies at medium and high frequencies, and

do riot have too high resistance.

In general, the inter-plate distance for plate-type sound suppressors

should be chosen as 100-200 mm. The thickness of the plate, aceordin,

ti the frequency characteristics of tue noise source, can be chosen as

25-120 mm.
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In engineering applications, in order to raise the sound supuression

efficiencies for high frequencies, the plate-type sound suppressors are

often modified to become bend-plate type sound suppressors (see Figure

3.11(i)). In these type sound suppressors, the multi-reflections Of the

sound wave increase the opportunity for the sound wave to make contact

with the sound absorbing materials. This greatly increases the sound

absorption effect, particularly at high frequencies. However, bend-plate

type sound suppressors have higher resistance than the plate-type ones.

Bend-plate type sound suppressors should, in principle, be "opaque";

but in order to reduce resistance, the bending angle is best at less

than 200.

To further increase the sound suppression effect, maze type sound

suppressors are sometimes used as shown in Figure 3.11 (g), (h). These

types of sound suppressors allow the sound wave to have many times of

normal incidence, along with multi-reflections. Sound reductions are

significantly enhanced. However, the flow rate can not be too high.

otherwise. it will produce strong re-generated noises, and makes the

sound suppressor become useless. The resistance of maze-type sound

suppressors is also relatively high, leading to a high pressure drop.

It is not appropriate in applications with strict resistance-loss

conditions.

In recent years, to satisfy high sound suppression efficiencies,

and in the mean time not to affect the aerodynamic characteristics,

sound suppressors are often made into sound stream type, as shown in

Figure 3.11(d), (e), (f), (j), (k) and Figure 3.15.
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Such sound suppressors have the sound absorbing materials in

sinusoidal or near sirusoidal shapes. Not only do they yield high sound

absorption efficiencies through multi-reflections of the sound wave, but

they also allow air to pass through smoothly. Therefore, both require-

ments of high sound absorption efficiency and low resistance are met.

However, with more complicated manufacturing processes, their prices

are higher.

wY J
(a) (b)

(C) (d)

Figure 3.13. Schematic diagrams of several sound

stream tvpp sound suppressors
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3.4 Reactive Sound Suppressors

The most common reactive sound suppressors include the expansion-

room type and the resonance type sound suppressors. Besides, there are

other sound suppressors based on interference, bends, obstacles, and

perforated plates, etc. Their basic principles are the applications of

appropriate combinations of the internal sound resistance, sound capacitance,

and sound mass of the sound suppressors, which either reflect the noise

back to its source or absorb the noise effectively. Their functions are

very much like the wave filters in alternating electrical circuits.

Therefore, they are also called acoustic filters. Their difference from

resistive sound suppressors is that they have no sound absorbing materials,

Table 3.11 Schematic comparisons between acoustic passages

and equivalent electrical circuits for some

common acoustic systems

- -r~ MV - --

P -,.a (-Z YAF E1_ ac~ ::i" '

C
C7 7

7 - " C 1- 
r  

C , r ',i "- C
II C -I_ I "-

2 . .. 2

L 
I

-~ =-- C. ' c;tri r " r -. i r. ,.-

-- /R
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The amount of sound reduction (transmission loss) of a reactive

sound suppressor is

time average of incident sound energy (Wa)
AL-

w

time average of transmitted sound energy (Wt) (3.40)

If the sound wave in the passage of a sound suppressor is a plane

wave, sound pressure is much smaller than the air pressure; there will

be no reflection at the rear end of the sound suppressor. We can derive

the sound suppression equation under these conditions, along with the

assumption that no sound energy can pass through the wall surface of

the sound suppressor. (Amount of sound suppression in terms of trans-

mission loss, same for the following). Let the incident wave have a wave

function of 0ki, and the reflected wave have a wave function of 0 r' at

any point in the passage. Since the wave is a plane wave, then

k,. = Ae¢*...., ck = B - - l
Sr c

The sound pressure P and the particle velocity V are, respectively,

Pi - 0 -- A

Pr 1- - =246 e- ' - 'M ( e/j -

Vi - L - - ... - -
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The time average of incident sound wave energy is

L- -L- Rer(Pipis)J.. L-J+) (watt) (3.41)2 2 poc

where . is the complex conjugate of V i

From Equations (3.40), (3.1) and (3.41) one can obtain the amount

of sound reduction (amount of sound suppression) between two points in

the passage:

w-m - OI/g L (db) (3.42)

where P and P(+) represent, respectively, the forwarding sound

pressure at point 1 and point 2 in the passage.

3.4.1 Single expansion-room type sound suppressor

The simplest reactive sound suppressor is the single expansion-

room sound suppressor, as shown in Figure 3.14. For an expansion-room

of length I,, small-tube cross-sectional area of SI, large tube cross-

sectional area of S,, the expansion ratio of this sound suppressor is

m = $/S 1

= --

Figure 3.14 3ingle expansion-rom type sound suppressor
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At the entrance of the expansion room, x = 0; at the rear end,

x = 1,; and at the points of continuation, pressures are in equilibrium

and the volume flow is continuous.

At x =0,

p,+) + P ' - P+) + P-,

s,(, + -) -sA, '(+ - P(-,).

At x =

P(+ ) eski, + P2' -) = '

S, (P2+ e ik, - P(-' e-',) - SP ).

Through manipulations,

- cos ki + S ' + sin k,

and

, +_(m 4

By substituting into Equation (3.*-42), one has

ALw - 101og I[I +- -- LYsn kib)

(3.43)

This equation can also be expressed by Figure 3.15.

36 ~ m10 10O

0 0.4, 0.8 1.2 1.6 2.0 2.4 2.8 12
H, -2"1, k

Figure 3.13 Sound Suppress on of Single Lxpansin-r-om

Sound Suppressors
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In engineering, for convenience, Equation (3.43) is often converted

into Table 3.12~. It can be seen from this Table thIat, when thre sound

suppression is determined by tile expansion ratio m, the maximum sound

suppression is related to frequency as

sin'kli - 1,

X3s

C 2 2'

4 2z +1 c n - 1, 2, 3,.-..

It is obvious then that, when 1, increases, the frequency f with
n

maximum sound suppression moves towards lower frequencies. Figure 3.1b

shows the effect of the tube length 1, on the sound suppression chara-c-

teristics of sound suppressors.

It should be pointed out that sound pressure values, rather thani

sound energy, are actually measured. Thre maximum val ue of sounid pressure

at the entrance of thre sound suppressor is IP+)+ P-1l, but niut !P'+)!

There fore, thre measured sound suppression LL is grea ter thani the onre

calculated fr-m (3.43). vhezi P)+ anid PH are in p)hase, it is at

the maximum. This maximum sound suppression is

AL - IOlog + --

- IOlog fI + Ysin k1

Frm the sjurid suppression AL,, one can determine ALW wi th t~lie

c.jrrectijn curve as shown in Figure 5.17.
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'.ahle 3.1 'The ;amount of E our, rerlucticr .t

f an differ-ent eyrrncion ratios

10 1250.37510.6250. 875 J.,25 1.5 ,.75 1. 875

S". . ."AL I

5 1.5 4.5 7 7.s 8 7.41 5.5 ..

10 3 9 12.5 14 14.11 1 3 10.5~ 5.5 2

15 5 12.7 16 17.4 17.5 1 3 7.5 1 2.5

20 7 15.2 18 19.81 20 19 16.i 10.7 5

25 8 I7.5 ~ 2 21. 1 21 1 ' 12 5

30 9. 5 1 , 2.2 23 23.1 22 1 13 6

35 11 1 9 231 24.21 24.5, 24 2 11
2.2 1 7.5

40 12.5s 21.5i 24.5, 26 2 26.2 5.5 22.5 17 9

I .a it',i! "L 1RXlF I .. ]J, il,_ s&KI=1
"nf pft. *J.l ,1 (3.43) Z &3 ,L* -20tIogl/2(,. + ,)

1.

a . ion ratio C -'cur: cf Ac,_:r-. -.. caI&: L

c.r --our- re:Lc 1Cr f i-_.
J 0

rft'ucaiar: <or a sin-le e-rar.sIDr-rcc 7 - c ..T- .

i.*. ,U-.: r.eAL.ctior. at Sn'KI=1 I I e" i c" ,

0 30 6 O(N )aC
40

20

401

0

~40

40

20(, 400 600

I.i uro 3.1o I e lat onship between sound rOduCt ion Ind t il,

leno th -, , or inc Ic expans ion-rooTTI t'vc soi;nod
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--

intercosscin ssoni Fiur 315 the fur -a s-n-1e

22

0 a 16 U 32 40 49 Sz k4 72T '

Figure 3.17 Relationship between ,arid AL

A Lo - ,&, - A, (db)

Furthermore, if the inlet and exhaust tube have different lengths

i3 their cross sections as shown in Figure 3.1S, then fur a single

expa d1sion-room sound suppressor:

tiegure s.i

1----d

.. L. -- C0.'g +

4 132

. .2 Double exp~ansijn-rom type suund sutppressars Aith exturtial c')nrieetj

tube

d\ d)u 1l1e e xpa ns ionr-ro,)om tyvp1e so und s u pp)re s sir i,i 1, h e xtevri)cral ec ) t t~~i i)-

tube is shown in Figrure 5.19. Foll'juinc' the Saulte dedtuct/auns as in the-

1)reVious section:

P,')r thle cross section)r at x 0 I

P (') - PI- )  = ( !, )-_ -) ):
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For the cross-section at x = x

WY'A,, + P-,- = , + Pt-),

For the cross-section at x = x

, + -- '* = P(.) + P,-),

P, + Y-10- -z- m(('.+) - ,-);

For the cross-section at x = x. ,a

kj + P''ki,' j
4M

m (l+ l,- P , -kl)-p

- SS.

.\fter manipulations

_ ,,m + l)'e-"(,±. - ( ei-1)2+"M",+!.

P~16m'

-
2 (i- l)a e- ' * ' + 2 (m -I j) ev24* ,

- (m I - 2Y +-"2h -, + (m - 1)' ",'-( 'l

Re im

whe re
w e ~R ,- 4m (m + I )COS 2 (1, + 1,)

P 16m'

- 4m (m - I)lCos 2k (1, -- 1)1,

Im = 1 2(m. 1 1)(mn+I )'sin 2k(lI+lj)
I p !J 16m'

_ 2(m' I )(m - I)'sin 7 (1, - 12)

-4 (rn' - I )' in 2k 1 1.
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Figure 3.19 Double expansion-room type sound suppressor

with external connecting tube

Sound suppression is

(3.4t))

Figure 3.20 shows the characteristics of one double expansion-room sound

suppressor with external connecting tube.

0 30 d

a. (c7,) Jr0 /- /

reduction (0t)
c. freauercy (Hz) °" / !

Figure 3.20 The characteristics of one double expansion-
room sound suppressor with external cunnecting

tube iB4
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, • I

The lower-limit critical frequency of a double expansion-room

sound suppressor is

21r V mgj, + 1/3 (1, :- 1) (3.47)

3.4.3 Double expansion-room type sound suppressors with internal

connecting tube

Figure 3.21 is a schematic diagram of an internally connected double

expansion-room type sound suppressor. Following the same deductions of

Sections 3.4.1 and 3.4.2, we have

For the cross section at x = 0,

P() + P(-) (+) + P-)

P(+ P() = ( (+ - p(-))-
I 1 '2 2

For the cross section at x = xi

+) e "'-  "- -  e"t'-1, ) - p(+)

-, A-,-,,) - , -
- -P(

41

+ (m - 1)( --

185

I --. **_ _*



For the cross-section at x = 2

PI+) eil + P(.7 0-MI - P('+ 1'-i' t'

A+) ,.M. _ 1-,e-'- + (m - - P,7')

For the cross-section at x = X3 ,

,(p7 '~' -IV' 0-

Due to the total reflection at the dividing wall of the two

expansion rooms, we have

P,-, - P, , o,', p,-1 - p, e'2 ,..

Finally,

p (-) cos kZ , -(- - 1) sin 2 4 1 , tan ki,

_2.{. + It)sin 2k{ 1, + , - ) tan k:,,

+ -) Co Z~ - -

Re []-
Sound suppression is

A L - 10 lg +4_ +T ~ (db) (3.4)

which has a same lower-limit critical frequency as in Equation (3.47).
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This type of sound suppressors has sound suppression characteristics

determined by m, 21/f,, and g,: large m yields good sound suppression;

1, and 21, determine the frequency characteristics of the sound suppressors

With m fixed (m = lb), Figure 3.22 shows the dependence of sound suppres-

sion characteristics on the length of the internal connecting tube; with

u,--24, Figure 3.23 shows the dependence of the sound suppression charac-

teristics on m.

a . Cr, a-i

t. arount of

sour.(,I 2
re-luctio . It) M-i .

c. frequenc: ( z)

I'
JOatil

Figure 3.2'- The effect of internal connecting tube length

on the characteristics of sound supp~ression

4

ro

(.) _ 0

rn-LB 0 II

is Is

200 4006WO

Figure 3.23 The r "-c of 'i c,-b
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Table 3.13 lists several examples of low-limit critical frequencies of

double expansion-room type sound suppressors

3.4.4 Improvement of frequency characteristics for expansion-room type

sound suppressors

Based on the discussions in the three previous sections, it is

clear that, even though expansion-room type sound suppressors have good

sound suppression properties in certain bandwidths, they have problems

in the existence of periodical transmittable frequencies. That is, it

is possible for the sound suppressors to miss periodically noises with

certain frequencies. Such sound waves can propagate directly through

without being suppressed. To overcome this difficulty, one can use the

method of inserting tubes.

The sound suppression of an expansion-room sound suppressor with

inserted tubes is

L - 101og R Pi Y + i)I
t (3.49)

where

Table 3.13 Several examples of lower-limit critical frequency for

double expansion-room type sound suppressors

(c = 375 m/s, 9= 50oC)

, - ,, 4*,, ,. e~ o'ilD ,, )C.

1 16 0.608 0.0304 85.8

2 16 0.608 0.076 59.9 e. ur" ''e
3 t6 0.608 0.152 44.0

4 16 0.608 0.304 31.7

5 16 0.606 0.076 59.9c. ( '

6 16 0.60 * 0.152 44.0

7 16 0.608 0.304 31.7

8 16 0.608 o.455 26.1

9 4 0.304 0.152 t23.2

10 9 0.304 8152 84.0

It 16 0.912 0.455 21.2
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Figure 3.24 Schematic diagram showing inserted tubes in

an expansion-room type sound suppressor

4m ( + cos 2k 4) (4mcos&( 0

+ (3m - 1) cos k (1, + I2)
+ (m + 1) cos k (1, - 3 1a),

IM - I {2(m' + sin( - l1)\Pt)] 4m (I +- cos 2k 13)

+ (2m'- m + 1) sink (1, + 1)

+ (m -- 1) sin (1, - 311) ,

where P -- incident sound pressure of sound suppressor; P -- transmitted

sound pressure of sound suppressor; m -- expansion ratio; 4 -- length

of sound suppressor; 14 -- length of inserted tube.

According to Equation (3.49), when the inserted tube in a single

expansion-room type sound suppressor has a length of (1/2), , it can

eliminate the passage of frequencies c1/21.)c (,,>O, integers) with n

being odd. When the inserted tube has a length of (1/4)l, , it can

eliminate the passage of frequencies with n being even. This way, by

inserting one tube into the single expansion-room s:.und suppressor with

(1/4) ( L), and another tube into another end with(1/2
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one can obtain the sound suppression curves for non-passing-through

frequencies.

To eliminate passing-through frequencies, one can also use a com-

bination of several expansion rooms with different lengths, as shown

in Figure 3.25.

Figure 3.25 Sound suppressor based on a combination of

several expansion rooms with different lengths

In this way, the passing-through frequencies are different for each

expansion room. With several sections in combination, the sound suppres-

sion curve can become more flat. However, since there are overlapping

effects between different sections, we can not calculate the amount of

sound suppression by addition.

Figure 3.2b is a schematic diagram of the frequency characteristics

of a modified expansion-room type sound suppressor. It can be seen that

not only the over-all sound suppression curve is flat, the amount of

sound suppression is also relatively large.

In engineering applications, to avoid the loss due to a sudden

change in cross sections, plates with drilled holes are often used to

connect the expansion rooms, as shown in Figure 3.27.

In this case, the degree of openings is required to be above 30%.

This way, for sound waves, one can control the frictional loss variation

due to the sudden changes of passage cross sections, but not affect the

sound suppression efficiencies. As far as air stream is concerned, it

is the same as the addition of one section of wall surface with through
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holes. The passage frictional loss is much lower than that from the

sudden changes of cross-section.

Figure 3.26 Schematic diagram of 1>1 ,
the sound suppression frequency n -- ,--+- 4-id, i,-
characteristics of a modified
expansion-room type sound supp-
ressor.

Key: i, -
a. Schematic diagram X- IT (M "."Ot,
b. .Amount of sound reduction (db)
c. Renarks on each section "2 I

of the first expansion-room (in- 1m

serted tube with length ,) b
e. Sound suppression characteristics & ) I ,_I

of the second expansion-room (in- 'I.
serted tube with length 'a) sI-

f. Resonance curves of inserted tube
with length i,; its peak frequency
value is the same as that trans- .
mittable with odd order in the
/.-characteristics 1. .- f uitnaM~m.*,u.,m

g. Resonance curves of inserted tube gep!iaiims--- .

with length '.; its peak frequency
value is the same as that trans- I
mittable with even order in the I
1, -characteristics U I

h. Resonance curves of inserted tube
with length z ; its peak frequency
is the same as that transmittable
with odd order in the '-characteristics

i. Resonance curves of inserted tube with length 4; its peak frequency is the same
as that transmittable with even order in the 1,-characteristics

j. Combined sound suppression characteristics between the first and the second
expansion room

k. Overall sound suppression characteristics curve

Figure 3.27 Schematic diagram of expansion rooms connected by Loards
with through-holes ,-,/,4 1.-1,/2, 1,.s/2, IM/4

191
.! ,._k



3.4.5 Resonance sound suppressors

Figure 3.28 is a schematic diagram of a resonance sound suppressor.

Its passage tube is connected to the Helmholtz resonator. According to

the theory in Section 3.2.2, when the sound wavelength is sufficiently

long as compared to the dimensions of sound suppressor, the air column

inside tube I can be considered as an uncompressed mass component, called

the acoustic mass mA, equivalent to the electrical inductance. The

friction and resistance in the neck are called the acoustic resistance

rA, equivalent to the electrical resistance. The air inside the cavity

V can be considered as an undisplaced elastic component, called the acoustic

capacitance cA, equivalent to the electrical capacitance. From Table 3.11:

M- , (3.50)

tj.e~ (3.51)

2.
C V (3.52)

S .

F, K,

Figure 3.28 Schematic diagram of a resonance sound suppressor

Sound energy propagated through the passage of a sound suppressor is

absorbed due to resonance. The resonance frequency fris determined by

Equation (3.14). When the sound wavelength is sufficiently large as compared

to the dimensions of the resonator, one can obtain the amount of sound

suppression (amount of sound reduction) for a single cavity resonance

sound suppressor:
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AL- lOof I a 0.2 J (db)0_ -(353))

where G-" rA -- acoustic resistance; -- cross-PC' _VGV r
sectional area of the passage of sound suppressor; p-- air density;

c -- sound speed; V -- volume of resonator; f -- frequency of the sound

to be suppressed; fr -- resonance frequency;

S the degree of transmission; (3.54)

1+ 0.8d.

1-- neck length of the resonator; d -- hole diameter of the resunator;

S -- hole area.
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Resonance frequencies are determined from Equation (3.14).

In calculating the amount of sound suppression, S/11 = G is

often substituted into Equation (3.14) to obtain

"(lz). (3.33)

The amount of sound suppression at resonance frequency is

10 OR I 1+ ~.25]

-
20log F I+-!I (db*)- I .2 G. - - ( 3 . 5 o

Calculations of the acoustic resistance r. for resonators

are very complicated. Under general conditions, when there are

no resistive type sound absorbing materials near tile neck,

acoustic resistance is small and can be ignored. Therefore,

Equation (3.53) can be converted into

AL w - 10 109 [1 +(f /2tJ (.b)

(3. 57)

Few of the resonators in engineering applications have only

one hole. Most of them are structures based on combinations of

sound absorbing boards with multi-holes. Calculations of their

sound suppression are the same as E(quation (3.57), but the

G-value is

,+O.d' +(0.T8)

where n-- number of holes; t-- thickness of the board witu holes.

The amount of sound suppression for resonance sound sulpres-

sors is shown in Figure 3.29.
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11,

Figure 3.29 Sound suppression curves fur resonance

sound suppressors

Equation (3.57) is fur the sound suppression of pure tones.

Sometimes it is necessary to calculate the amount of sound suppres-

sion for a given frequency band.

The amount of sound suppression AL for an octave band is

AL = 10 log (1+ 2KC db, (3.39)

K - VGV(3.bO)

the sound suppressions for its two neighboring octave bands are

al, = 10 log (1 + SK 2/4i9) db, (3.ul)

for a third-octave band,

aL = 10 log (1 + 19 K)2 db, 3 j

for the four neighboring third-octave bands-

AL 1 = 10 log (1 + '2'K) db, (3.59)

A,= 10 log (1 + 0.b7l) db, (3.o3)

AL_. = 10 log (I ,- 0.31K-) db, (3.04)

AL 4 = 10 log (1 + K-/49) db, (.3
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To make calculations convenient, Equation (3.59), (3.nl),

(3.62), (3.64), and (3.05) are expressed in terms of Table 3.14.

For example: Design a resonance sound suppressor for an

exhaust pipe with its inner diameter as 10 em, such that the

sound suppression is 15 db for the octave band with its central

frequency as 125 Hz.

Solution: Sound suppression AL = 15db, resonance frequency

fr 125 Hz, passage cross-sectional area F1  (714)10 cM.

By substituting the AL value into Equation (3.13) or from Table

3.14 we have

15 - 10 log (1+ 2K ), K = 4.

Substituting the G value in Equation (3.55) inco Equation

(3.00), (IK (Ji/2F1 ) = (2 fr/C) (V/:2F 1 ),

V = (c/2f )(2KF l) = (34000/2-x 125) x 2 x 7 /4)1o

= 13600 cm3.

Based on the required volume V of the resonator, a concen-

tric-cylindrical resonance sound suppressor can be designed.

hith its inner diameter still to be 10 cm, the outer shell tube

diameter is 30 cm, an., the length of the cavity is 22 cm. Frum

Lquation (3.55),

G - Af)V-(z 2)X 13600- 7.23.
34000 9

196



Table 3.14 Calculation Table for sound Suppression

at various frequency bands for resonance sound

suppressors

a . 0.2 0.4 0.6 1.0 1.5 2 3 4 5 1 6 A to 15

b I
1 1.2 2.41 3.6 4, . 5 9.5 t 2.81 l.6Z I 7

2.5 1 6.0 9.0 "1.2 12.9 16.4 19 6 27 23.5 31 33 36.5101log t[| + I'IK']

- -. Ali .f i-d . . .. .
d. f3 _F0 0 0 o.2, 0.41 0.8 .1.5 70 8.4 1 6tO~o l-l-8 49.9 5.5 1 . 0.5 12.:5 16.6

10 loic (1 -8/49 K'J

Lin |6.5 .. 4 8.5.
0.5 1 -3 2.2 40 10.8 12.5 14 16.5 1 4i 8

I01oi [P + 0.67K'J 0 04

----- - --- - 0 I . 0 .5 0.9 2. 2 3.5 5.81 3.M .808 ; o 1.
10~ lo [I+(.III

I

a. type of band

b. octave band and the nearest neighbor third octave band

c. third-octave band

d. the nearest neighbor octave band and the fourth nearest

neighbor third-octave band

e. the second nearest neighbor third-octave band

f. the third nearest neighbor third-octave band

By selecting the inner wall thickness t = 2 mm and hole diameter

= 3 mm, then substituting them along with the G value into Equation

(3,5S), the number of holes can be obtained:
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,_G(s + o.sd) - (: + 0.sd) G /d + 0.8)

- 4

- 7.23(0.2/0.5 + 0.8) . 22. 8)

4--x 0.5
.. 4

By evenly arranging the 22 holes across the inner wall of the

resonance sound suppressors, the purpose of sound suppression

can be achieved.

To arrive at higher sound suppressions, one can use reson-

ance sound suppressors in series, yielding multi-room resonance

sound suppressors. Their sound suppressions are

AL 9.69N arch COS(KJI )+/T'2 F

t, I

xh inKI1, 0b),

where N-- room number; I,-- length of the connecting tube between

two neighboring rooms; K = 27fr, c.

Resonance sound suppressors are sometimes made in a cuncen-

tric tube style fir engineering applications (see Figure 3.30).

Their sound suppressions (sound reductions):

4ALw-101og I + I( ShLF -)4 fh -_ Sb tco
AG Sh (3.t7)

where S h-- cross-sectional area of the small hole: F1-- area af

the inner tube passage; Sbt-- cross-sectional area of the con-

centric cavity; I,-- length of the cavity, 1,--- if the hole is
2

near tue middle of the cavity; G-- rate of transmission. If

there is only one hole, calculation is done following Lquatiin
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(3.54); for n holes, following Equation (3.5).

Multi-hole concentric resonance sound suppressors are

shown in Figure 3.31.

F, CS h

1 1

Figure 3.30 Concentric tube Figure 3.31 Schematic dia-

type resonance sound sup- gram of multi-hole concen-

pressors tric resonance sound

suppressors

3.4.o. Interference sound suppressors

Interference sound suppressors are based on the principle

of sound wave attenuations due to interference, as shown in

Figure 3.32. A side tube is built into the main passage, to

allow a portion of the sound energy to be diverted through it.

If the difference between the length of this side tube It and

the main passage length L is equal to one-half of the wavelength

(or odd multiples of the half-wavelengtu), toen

11-I+ - (2n + 1) n = 1, -, 3, ... , (3. u)
2

When the two sound waves meet, due to their opposite phases,

the sound energy can be greatly reduced.

Interference sound suppressors are suitable only for well

tuned sound, and the sound suppressin efficiencies are good only

if the tune is stable and not changing. 4
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/ ,, / ZA.

E E

Figure 3.32 Schematic diagram Figure 3.33 Reflection

of interference sound sup- of a sound wave at

pressors interface of two media

with different acoustic

resistances

3.4.7 Sound attenuations induced by perforated screens, elbows,

and drastically changed cross-sectional areas

When sound waves propagate and encounter perforated screens,

elbows, or drastically changed passage cross-sectional areas,

the situations are equivalent to changes of acoustic resistances.

When sound waves reach an interface involving different

acoustic resistances, a significant portion of sound energy is

reflected back. This reflection is similar to tuat of a light

wave when it encounters an interface with different dielectric

constants, as shown in Figure 3.33.

Perforated screens: Perforated screens are acoustic cum-

ponents combining acoustic mass and acoustic resistarice. In

Figure 3.34, when the distance between holes is greater than the

diameter of the holes, the acoustic impedance per area a is

ZA - r, + llaMA, (3. 1)9)
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where rA and m are defined in Equation (35.30) and (3.51). They
A A

can be more specifically written as

- AV2 -L+2(1 S,1
"t Sii(3.70)

[A- ~ + 1.7, ( - a (371)
2

where S,-r?; S a = a ; t = screen thickness; , -- viscosity

coefficient, n = 1.5b x 10 m/sec for air under standard con-

ditions.

With n holes, the acoustic impedance is equal to 1i/ri times

the impedance for a single-hole.

It should be pointed out that the two equations above are

applicable -inly for r(m) > and r< 10,/f.VI

Figure 3.35 and 3.3b give the experimental data )f siund

reduction induced by perforated screens. These experiments yield

the sound reduction values as determined by the inscited tube

method in a sound suppression room and witth a stable pressure

sound source.

010 60

' 0 0 0 00i1O0 0 0 0

Figure 3.34 Structures .)f pect',rated screens
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sound i one 'IL I

pressure o plate

level (db) I [two plates I
leveli three plates -

r '30 400 WO 830 ROO L L 2.5 3.2 4 5 8.3 A 10 12.5 16k

' frequency (Hz)

Figure 3.35 Sound suppression curves for perforated
screens

perforated screens: hole diameter 410; screen

thickness t=2mmn degree of openings P=o%,'p;

distance between screens =10cm

: ! I -; J]i /

sound t 4 . *Ii I

U i V II! . _': ._.\ / - _reduction ILL__
\L J _ _ _ _ _ _ ____•__/_____-___

(4 J .O,--"- L4..,..L i I---I .: , "' --' qi - , -

123 500 W WO I1" .25h 2k 3.26 5t 4k ',2.5k
160 250 400 610 l , 2. ii 4k 63k 10k

frequency tH:)
Figure 3.3t Sound suppressiun curves witn varvin,

degrees of openings P

Fixed perfjrated screens with hole diamevriv ,10,

board thickness t=-mm, number of boards Ii,

l -- p I. 'P* -- i'=20' ; 3--I=3 '.; '4--p='u'
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Drastic changes in cross-sectional areas: As shown in

Figure 3.37, for S ZA= pCs,, for S,: Z =pCS, i.e., the
2 A1  A A2

acoustic impedance changes from peS, topcS,. from S1 to S).

Sound suppression follows Equation (3.43).

Elbows: As shown in Figure 3.38, sound waves are reflected

by the tube wall at the elbows. The degree of noise reduction

is related to the angle of the elbows, the tube dimensions,

and the wavelength. If the tube is equipped with sound absorbing

materials, the efficiencies are even better at high frequencies.

Table 3.13 lists the estimated values of sound reduction

AL for a 90 elbow. [30] In this case, the length of the sound

absorbing surface along the side of the tube should be greater

than 2.4 times the width of the side of the tube.

S.

Figure 3.37 Drastic changes Figure 3.36 A 900 elbow
in cross-sectional areas
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Table 3.15 Estimated values (db) of sound suppression

for 90 Oebw

0.1 0f 0 a 0 1$ 4 5 0 1
0.2 0.5 0.5 0.5 0.5 *2 S 7 10 3
0.3 3.5 3.5 -. 5 .5 30 1 absorption
0.4 6.5 6.5 7.0 .o 4 A 1 0 4 b. surface with sound
0.5 7. 7.5 953 9.5 5 l 0 i absorption
0.6 8.0 8.0 10.5 .105 _6 .3- 1 14 1) c. non-regular incidence
0.8 7.5 8.5 10.5 11;5 8 44 A 19 d. plane wave incidence
.0 6.0 1 3.0' 10.5 12.9 . 4 j 3 15- -o 2

3.4.S Sprinkling sound suppression [31]

By evenly sprinkling water towards noise-producing steams,

one can alsu achieve a certain sound suppression effect. This is

called the sprinkling sound suppression. The principles are as

follows:

1. The density Pand sound speed c of the medium change

after being sprinkled. This causes a ciiange in acoustic

impedance, anid the reflections of the sound waves.

2.The friction produced during the mixing of two media

causes the dissipation of energy, and reduces a purtion of thje

sound.

If there is no heat transfer between steaw and water, and

the mixture is also a homogeneous fluid with denisi t,, Pand elastic

modulus L, then the sound speed is

- - .~fxEz+(I + x)E,I[xp. + (I - x)n.]' (.
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'-m

where A--water density; P2 -- steam density; EL1--water elastic

modulus; E 2--steam elastic modulus; x--volume percentage of

water; c--sound speed of the mixture.

The reflection coefficient is determined by Euation (1.14).

It can be re-written here as

ra " [P' - Picl '
PC + pica

(3.73)

where pc--mixed parameter of water and steam; P2c -- steam para-

meter.

100-

S75,-

Reflection

coefficient 5 -

- I, __ wacer
;c 45V ___olume ratio of water to steam

Sound velocity:( o r
(m/s) of the,,, " X

mixture "

~teamiu i~ :u water
\olume ratio of water to steam

Figure 3.39 The effect of sprinkling to steam on
sound speed and reflection coefficient

Figure 3.39 shows the relationship between tue volume ratio

of water and steam and the sound speed of the mixture. It also

shows the relationship between this volume ratio and the reflec-

tion coefficient ro. It can be seen that, as sprinkling increases,

sound speed decreases. When the amount of water approaches ttiat
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of steam, sound speed decreases to a limiting value. The

reflection coefficient increases with increasing sprinkled

water volume. The increase in r0 is slow when the volume

ratio is between 10-5_O-35. It increases fast when r is

above 10-3.

Sound suppression (sound reduction) due to sprinkling is

&L - 0o%-- + log (db). (3-74)

Figure 3.40 shows the sound suppression curves corres-

ponding to various amounts of water sprinkled to steam.

Figure 3.41 is a schematic diagram of the structures of

sprinkling sound suppressors.[31]

X3.5 Resistive-reactive combined sound suppressors

and perforated-tiles sound suppressors

To have good sound suppression effect over a broad frequency

range, one can use resistive-reactive combined sound suppressors

(rigure 3.4"). Figure 3.42 (a)-(c) are expansicn-room-reactive

combined sound suppressors; Figure 3.42 (d)-(f) are resonator-

reactive combined sound suppressors; Figure 3.42(g) is a per-

forated screen-reactive combined sound suppressor; Figure 3.42(h)

is a perforated screen, elbow-reactive combined sound suppressor.

so
sound r-'
reduction __

(db)___ _

1olume ratio of water to steam
Figure 3.40 Sound suppression at various rates of

sprinkling 206



exhaust tube

automatic regulator__ multi-hole cylindrical box, inner-wall

water supply tube -'holes for exhausting gas

/ cylindrical box (with its area greater

valve than that of the exhaust tube)

exhaust inlet

I.?

Figure 3.4il Sprinkling sound suppressors

Perforated-tile sound suppressors based on a structure of

perforated tiles are good sound suppressors having both intrinsic

resistive and reactive characteristics. They have much better

frequency characteristics than those for common resistive type

sound suppressors.

Metallic perforated sound suppressors are made of pure

metal, thin plates. Therefore, they can sustain high tempera-

tures, stream impact, oily mist, and water bubbles. These

behaviors are very important for aerodynamic equipment with

special requirements. Besides, since they do not have powders

as often produced by multi-hole sound absorbing materials, tiley

are particularly suitable for advanced air conditioners which

require clean sound suppression systems.
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ClLIJ_ I. I ,IU U

(g) - 1

Figure 3.42 Schematic diagrams of several reactive-resistance
combined sound suppressors

a. reactive (expansion roam)
h. reactive (resonator)
c. reactive (screen with holes)
d. resistive (perforated sound-absorbing mater'ials.

20 a

(b)

42AUIKE) fH(Jt0&w#$4
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Perforated-tiles have low degrees of openings, dense and

small holes, and low frictional coefficients; therefire,

resistive loss is low for sound suppressors of this type.

une can also use perforated-tiles as sound suppressor

components, which can then be combined with multi-hole sjund

absorbing materials, expansion-rooms, resonance cavities,

perforated screens, etc. Many different types of combined

sound suppressors based on perforated-tiles can be made to

solve the noise problems of aerodynamic equipment under

different conditions.

Figure 3.43 shows schematic diagrams of several perforated-

tile sound suppressors and combined units with perforated-tiles.

Figure 3.44 and 3.43 show the experimental data on sound

suppression for two perforated tile sound suppressors.

(g)

( ) (d ~~ -- : T c'?-

-. . . ..---

(c) -



Q. #15,I.,P2.7% figure .4 4  Tube-type perforated
plate sound suppressors and

z~z their sound reduction data

Sa. perforated plate
- -- -- --- -- -- b. sound reduction (db)

-- 7 c. flow rate (30 m/s) inside the
----------- -- sound suppressor

d. frequency (Hz)

rz 10 - -

N.Y2.5% to.. 1i%

_________________________Figure 3.45 Rectangular perforated
plate sound suppressors and their

__ _ sound reduction data

aperforated plates

--1--b. sound reduction (db)
F________________ c. flow rate (10 - 15 m/s) inside

_000__-660_---- 
the sound suppressor; flow
loss < 1 mm water column

d. frequency (Hz)

es 125 250 Soo _<J_2k4ks
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3.b Relationship between the air flow rate and the

sound reduction properties of sound suppressors

When air flows through sound suppressors witi high veloci-

ties, it affects significantly the sound reduction properties.

For a sound suppressor with good sound reduction characteristics

at static and low velocities, high air flow rates can greatly

deteriorate its effectiveness. With poor design or construction,

not only that sound reduction can not be achieved, a sound sup-

pressor can even become a noise amplifier for certain frequencies.

Figure 3.46 and Figure 3.47 are the sound reduction curves

under various flow rates for, respectively, the tube-type per-

farated plate sound suppressor (abbr. perforated sound suppressor)

and the tube-type sound suppressor with glass cotton (abbr.

cotton-type sound suppressor). Their structures are schematically

shown in Figure 3.48 and Figure 3.49.

0.

"" :r2 ' i 1:C 'iCn

. 1

Figure 3.46 Sound reduction curves at various flow

rates for a 2--m long perforated sound

suppressor
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re,-er.c,- yHz)

Figure 3.47 Sound reduction curves at various flow

rates for a 2-rn long cotton-type sound
suppressor

Ck,.

a. Inlet connecting tube -

b. perforated plate

c. outer shell ---------

d. outlet short tube lo .

Figure 3.4*S Schematic diagram showing the structures

of perforated-type sound suppressors

a. inlet connecting tubeC

b. ultra-fine glass cotton

c. shell__

d. perforated plate

e. outlet short tube
1250

Figure 3.49 Schematic dia- wu of cottoni-type sound

suppressors
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Perforated-type sound suppressors use perforated plates

having the dimensions: plate thickness 0.5 mm, hole diameter

0.5 mm, degree of opening 2.1,;, front cavity 10 cm, back

cavity 4 cm. Cotton-type sound suppressors have sound absorb-

ing materials with the following specifications: density 30 kg,/m3 ,

thickness 14 cm, perforated plate hole diameter 8 mm, plate

thickness 1 mm, degree of opening 20%. Their sound absorption

coefficients as determined by a tube-testing method are listed in

Table 3.1o.

Table 3.1o Sound absorption coefficients

a. frequency (Liz)

b. sound absorption
coefficient 125 25 -00 IN -

250 -O 1. 2k

c. material 55 Si 86 82 75

d. perforated plates _ M e. 1s_1_ 59 _ _77 1_8 95

e. glass cotton

Measurements are made in wind tunnels. Figure 3.50 shows

the wind tunnel and testing setup. Two wind generators are used.

Their technical parameters are: wind volume 3000 m3/hr, wind

pressure 1500 mm water column.

The testing point is selected near the wind tunnel outlet,

at a horizontal distance of 5 cm from the outer diameter. Noise

values are first determined without th e sound st,,pressor, and

re-measured after sound suppressors are installed. The difference

in the two noise values is the sound reduction juantity due to

the sound suppressors. 213



The testing point is located outside the s~und suppressor

to avoid interference of high speed stream to microphones.

This also agrees with the actual situations. Other methods

including those based on semi-sound-mixing room and insert-

loss have been used. They are not accurate because of the

noise radiation effect of the tunnel shell.

Sound also comes from the centrifugal blower. At

5 cm from the wind tunnel outlet, the total sound pressure

level and the A-sound level of the wind tunnel are both at

about 110 db.

Based on these measurements: [32]

1. The sound reduction decreases with increasing wind

velocity. Particularly for the cotton-type sound suppressors,

at high velocities, the sound reduction becomes negative.

a. wind tunnel

b. first sound suppressor

c. second sound suppressor S

d. microphone

e. automatic recorder A

f. spectrometer "(.

Figure 3.50 Schematic diagram showing

the testing setup fur sound

suppressors
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Figure 3.51 shows the relationship between log v and the

average sound reductio n AL, o)f the two types of sound suppressors.

It call be seen that they are very much linearly related. kn

empirical equa tion can thus be derived:

For perforated-type sound suppressors,

ALP -75 34ogs. rdb)

12 0 -a 20 r/sc

(3.75)

For cotton-type sound suppressors,

AL, - 102 - 34 1ogi' (db)

120 t v 20 r/sec

a. sound reduction (db)

b. perforated-plate sound

*0I suppressrs

& c. medium frequencies

d. averag-e values

JOB hih Freqjuencies

f. glass c..tton-tvIp sound

l0k
too In

'i!!tur(, j.51 Curves slI, min&: the relat inshi;ps between

& L, and( fig v
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From Figure 3.46 and Figure 3.47, it can be seen that the

average sound reduction has the tendency of decreasing with in-

creasing flow rate v. It can also be seen that, as flow rate

increases, the flow rate effect is much smaller for perforated-

type than for cotton-type sound suppressors.

From Equations (3.75)-(3.7t), it is obvious that the AL-Iot

curve has a slope K = 31 for perforated-type sound suppressors

and K = 54 for cotton-type sound suppressors. Consequently,

with increasing flow rate v, the drop in sound reduction is

much faster for the latter than for the former.

Judging from the numbers, when the flow rate is 20 m/s, both

sound suppressors have average sound reduction close to 30 db.

W;hen the flow rate is 50 m/s, perforated-type sound suppressors'

average sound reduction decreases only by 10 db, while cotton-

type sound suppressors' average sound reduction decreases by

20 db. When the flow rate is SO m/s, the former decreases ly

20 db, while the latter decreases by 30 db with a null sound

reduction. When the flow rate is 100 m/s, the furmer still has

an average sound reduction of 5 db, but the latter produces a

negative 3-4 db average sound reduction. At higher than 100 In/s,

the former has 2-3 db in average sound reduction, and the latter

produces a negative -9 db average sound reduction.

In the range of 30-bO m/s, when the flow rate doubles,

perforated-type sound suppressors have their sound reduction

decreased by about 15 db. For cotton-type sound suppressors,

the sound reduction decrease is about 10 db.

216
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Based on the actual sound reduction effect of sound

suppressors (Table 3.17), it is more obvious that sound reduc-

tion decreases with increasing flow rate. The table also

illustrates the different flow rate effect for the two types

of sound suppressors.

Table 3.17 Sound reduction (AL,) at various

flow rates

C.

LA I i

40--21) .27 27
60 20 12

0-14 7. 1 0 0.. ... 1 2 .2
,120

a. flow rate (m/s) b. sound reduction ALA  (db)

c. types d. perforated-type sound

e. cotton-type sound suppressors

suppressors

From these analyses it can be concluded that, under high

speed streams, perforated-type sound suppressors have much

better sound reduction properties than cottor-tvpe sound sup-

pressors.

2. With increasing flow rate, the effect on sound reduction

disappears with increasing length of sound suppressors: For

perforated-type sound suppressors at flow rate of 70 m/s and

for cotton-type sound suppressors at flow rate of 50 m/s, the

217
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average sound reduction is the same (about 10 db) for both 2-m

and 1-M long sound suppressors. In other words, at these two

flow rates, stream noises have become the major factors; the

sound reduction results will not be enhanced anymore by leng-

thening the sound suppressors. Therefore, the designed length

of sound suppressors and flow rates should be appropriate.

a. sound reduction (db/)

b. m/,s

c. frequency (1000 Hz) - -

d. mineral cotton 07, . . -*.

o. 0.4 . . .S.O.

Figure 3.32 Functional relationship ueween sound

reduction at various flow rates and frequency.

10 cm thick mineral cittn is attached to ione

inner side of the tube.

Several foreign autlurs [33-3b1 have made high flow, rate

sound reduction property tests on reactive-type sf)und suppressors,

ielmholtz resinator suund suppressors (with arid without the

additiou of resistive components), and exi,arsiot-ronm t\pe

sound sull.ressors. The results indicate: .As shuwn in 7'i,,urQ

. ard Figure 3.-3, fir sound suppressors with perl'orated

materials with or without the addition if multi-h l,, layers,

the sound reducti in decreases with increasitg flow rate.
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As shown in Figure 3.54, similar results occur for expansion-

room type sound suppressors. For llelmholtz resonators with im-

pedance, the results are basically the same. The maximum value

of sound reduction decreases with increasing flow rate, arid

moves towards higher frequencies, as shown in Figure 3.53. For

Ielmholtz resonators without impedance, the maximum value of

sound reduction also decreases and moves towards higher fre-

quencies as flow rate increases, as shown in Figure 3.36. However,

at high speed, sound signals are enhanced at certain frequencies.

a. sound reduction (db/m) l l 0

b. wind velocity - 1 47. , . C.

0
cr d's it v

d. mineral cotton

Ac 

P 1 

9

e. frequency (1000 iiz) J

ai i
4 - at If .. . ........ .. ..24l76iM ,

Figure 3.53 Functimnal relationship betw~een Sojund

reduction at various flow rates and frequencies.

Six. cm of mineral cottoni covered with perfo rate1

gypsum plates are attached to the two wider sides

of the passage.
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varou fowraesan fequncesfo epasin-oo
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(d)--v3 ms ()-VL0w

a. sund edutin db'm _

F i u re 3.3 Rela tonship be tweei sunid redct in at

varius flw rates and frequencies frepninro

typedasound spperesrsa r~ii1 a d

(a -ri is t stream b v =rpe 1i [mit, 's tci ---sinaI In1
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Tie main reason for the stream effect on sound reduction

properties is the re-generated noise induced when air floaws

through the sound suppressors.

As stated in chapter 2, when a stream encounters obstacles

in its propagation, it will form eddy currents. This is tire

main cause for the regeneration of noise in sound suppressors.

The sound reducing components in sound suppressors can not be

very smooth. Sometimes for the purpose of adjusting the sound

resistance in the passages, the cross-sections of sound sup-

pressors are intentionally made with changing diameters, bending.

and perforated screens. Therefore at low velocities, regenerated

noise is not vet obvious. But at thigh velocities, since tjie

sound power wvv6, one can not ignore the regenerated ntoise

thus pro3duced. At high velocities, perforated-tvpe sound sup-

pressors have much lower regenerated noise than co tton-type

sound suppressors of the same model. The main reason is that

pert'orated plates with loiv degree of opening and small arid dense

holes have a muchi smaller resistance coefficient f than that f)r

glass cotton covered surface with high degree of opening and

large and rough holes.

on the other hand, under tie impact of high velocitv streams,

tile camtoanents and tube walls )f the sound suppresso rs will

vibrate. Systen resotance can sometimes oecur. With the for-

mat ion of s Jlid-re_-enerated noise, stund sulppressors will

amplify noise oif certairi freIluencIes.
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Furthermore, when the flow rate reaches very large values,

jet noise will form at tbe outlet arid inside sound suppressors.

The sound power wicv'. At this time, tie high noise levels

produced by the high-velocity streams themselves greatly over-

come the sjund reduction achieved by the sound suppressor. The

latter becomes not effective.

In addition, the sound reduction pattern change inside a

sound suppressor as produced by the stream flow can also affect

the sound suppression properties to a certain degree. For

instance, for resistive-type sound suppressors, a simple quanti-

tative expression is

AL= AL0  (db), (3.77)
1+M

where AL--sound reduction at flow rate v; AL, -- sound reduction

wit oult flow: M-- -- Mach number. When M << 1
C

l+M

Therefore, quation (3.77) can be simplified ti

AL-L°--M AL 0 (db), (3.7)

i.e., when M <<I , the decrease in sound reduction is tpurelv

determined by the Mach number N1.

'gure 3.57 and Figure 3.5 show the variatijns if' sound

reduction with stream flow. It can be seon that, wier the s und

propagation direction is the same as tho stream flow ditree i )i

sound reductions at low and medium freltuenv r:ines deeras-

ccording to Equation (3.7-_) with iricreasin ii fl)w rate.

the sound propagation direction is opposite t, tht stream fiow

direction, sound reductions at low and medi~in frenereux rat,','s
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increase with increasing flow rate. At the high frequency

range, sound reductions decrease to below those at no stream

flow. Since when the sound propagation direction is opposite

to the stream flow direction, M value is negative, theALvalue

in Equation (3.7b) increases. Therefore, it can be said that

wind velocity is not advantageous to reduce exhaust sound. It

is advantageous to sound suppressors at the inlet.

,,I- --I I I / " I I .

a. sound reduction (db/m)

-iii: . I lU. fre.1uericy (l000 Hz) I z fV-

aj 0.40506 0.8,4 - k6 . . . .

Figure 3.57 Resistive-tvpe sound suppressors: variations

of sound reduction when the sound propagazion direction

is the same as the stream flow direction

Ioo I / _- - 1 ! I

a. sound reduction (db/m) so

b. frequency (1000 Hz) X . 1

.0. 0 .

Figure 3.35 Resistive-type sound suppressors: variations

of sound reduction when the sound propagation direction is

opposite to the stream flow direction
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It can also be seen from Equation (3.7b) that the sound

reduction decrease, which arises from the variation of sound

reduction pattern inside sound suppressors caused by the stream

flow, is of the same quantity level as the Mach number M. For

example, within a wind velocity of 50-00 m/s, the sound reduction

change is 1.5-2%. For a resistive-type sound suppressor with

sound reduction of 30-40 db, this only yields an effect of 5-6 db.

For resonance sound suppressors, with stream flow, (cwo

Japanese workers) [35] gave the sound reduction equation:

IO[ 10- Ma') + 16(1 - M) FAi

AL lo I, " ,
AA 2K, F, (.db)

(3.79)

wtiere M--Mach number; F1--cross-sectional area of sound suppressor;

n--hole number of resonator; a--small hole radius of resonator;

V--volume of resonator; G--trausmission rate.

Figure 3.59 suows the theoretical and experimental values

of sound reduction for resonance sound suppressors under 10-30

m/s flow rate.

(une Japanese worker) also gave the effect on sound reduction

due to stream flow for expansion-room type sound suppressors. [30]

The mathematical formula:

where i,, = m/(l1-,mM) is the equi-effective expansion ratio; in--

expansion ratio; 4--Mach number. The experimental results

225



(theoretical values and experimental data) are stjown in Figure

3.34.

From such analyses one can realize that sound reduction

for sound suppressors is not constant. In noise control, the

actual sound reductions for sound suppressors depend mainly on the

intensity of the noise source, the sound reduction characteristics

of the sound suppressors, the intensity of regenerated noise, as well

as the level of ambient noise at the outlet.

Assume that the inlet noise level for a sound suppressor is

Li, the noise level at the outlet is La, regenerated noise level

is L r, and ambient noise level at the outlet is La; then

1. When L >>L r (for more tuan 10 db), tiie regenerated noise

has no effect on the sound reduction properties of the sound suppressors.

Under this condition the measured sound reduction AL= Li - Lo is

the actual sound reduction of the sound suppressor.
.When L r the regenerated noise has a certain effect

on the sound reduction of the sound suppressors. An approximate value of the

actual sound reduction can be obtained after corrections are made:

When Lo> Lr, r L = L i - L0 - ALgain,

when L < , L = L. - L -AL,
0 i r gain;

AL ainis determined from Table 1.1 and Figure 1.4 of this biook.

3. When L r>>L (for more than 10 db), the regenerated noise

has significant effects on the sound reduction properties. Th e

sound reduction of a suund suppressor is only AL = L - Lr
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. . ...-

Under this condition, due to tue regenerated noise, the sjurid

level at the outlet of a sound supprt ssor will not decrease and a

sound reduction effect can not be achieved; even the length of

sound suppressor is increased.

4. In any case, the noise level as measured at the outlet

of sound suppressors must be >>La (for more tuan 10 db). uther-

wise, due to the interference of ambient noise, tne sjund reduc-

tion can be accurately measured. The effectiveness of sound

suppressors, even it is very guod, can not be demonstrated.

-- - "

- - - . J h" L-_00 4

-.zoo A --. e.

0%.' E - . * [ • . " "

Do 10 0 311 44....400

100 20 !,Q30 4000 (Kj

__0 
300 40000

0re 3.39 ound reduction curves fr res30an0e s'und

sulppressorS with st ream flow rate tni 1 n->; nm, s

a. s Jund reduction (db) b. 'n< s c . fre.;uenc v (:iz)

d . .\-Type , b-Ty'pe , C-Type ,. c ei en a dat a

V. theoretical values
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In summary, in designing sound suppressors, one has t-

consider the intensity of noise sources, the effect of stream

flow rate, as well as factors such as the ambient noise at

the locations of application. These problems are very cam-

plicated- and need detailed analyses based on actual conditions.

in general, for sound suppressors used in air-corrditioting

units, the intensity of noise sources is not high. The required

nise level in applied locations is very low, and the resistance

loss requirement is also stringent. The flow rate inside the

sound suppressors should bt- kept under 10 m/s. For sound sup-

pressors with good aerodynamic characteristics (such as perfirated

plate sound suppressors), the flow rate can be controlled below

15 m/s.

For the inlet and exhaust sound suppressors fir blowers,

air compressors, and combustion gas roJtating machtinery, since

the tnisC sJurce intensity levels are relativelv high (more tuan

1) db) anid the requirement on no ise ititeusities in the areas of

application is not very strict (e.g., required to be less than

90 db(A)), the flow rate inside sound suppressors can be cIi-

trolled to below 30 m//s.

For internal combustion mnahiinery aud jack-hamners, sitnce

tiue noise source intensity is high and the reiuiremet.t. tin toise

control is strict, compoutded witti the fact tiiat tu amibient

noise levels are also high, the flow rate can be all ow-vd to b'low

5-t)O M//s.
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For s,-und suppressors with high pressure arid large-vo)lume

exhaust, since th-eir own noise levels a.re high, the air

volume is large and no people work in the vicinity the flow

rate can be cintrolled based on actual conditions (ttie distance

from residential areas arid working locati-onrs, etc) t.) below

30J-60 rn/s.
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Chapter 4. Applications of Sound Suppressors

§4.1 Sound Suppressors for Gas Exhaust

The gas exhaust system has noises with high sound level, broad

frequency spectrum, and wide area of influence. Therefore, the

required sound suppressors need to be those with large sound sup-

pression volume and broad frequency spectrum for sound suppression.

Meanwhile, because of the large flow volume and high pressure, the

suppressors should also have the effect of pressure reduction and

volume expansion, thus to reduce the pressure drop for gas exhaust.

Due to the different flow volume, pressure and medium, the

designs of sound suppressors have to be different ini different cases.

For instance, for model K-250-bl-1 air compressors (intake gas flow

volume ii = 250 m,/second, exhaust pressure P = b atmosphere), strong

noises are produced at total exhaust. Near the exhaust opening

(at 0.2 m), both the total sound pressure level and A-sound level

reach 137 db. Trhe frequency spectrum is more pronounced at medium

and high frequencies, and the spectrum is very broad, seriously

cuntaimitnating the surroundings. hpowever, after installing sound

suppressors on the exhaust tube as shown in Figure 4.1, at 0.2 in

from the exhaust opening, the total sound pressure level arid the

.,-sound level of the noise reduce to 3 db and 7t db, respectively,

with gjod sound suppression effect. There is no more effecut at

the neiglhboring areas. une can make normal conversations near tht,

exilaust )peniti5.

liUsistive-reactive co)nblned pressure-reduciini. soutid supjpressurs

nave two sections. The first section is for reactively filtering
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waves and reducing pressure and expanding volume. Sound waves

lose part of the energy through reflections, when encountering the

sudden change in cross-sectional areas, perforated plates, obstacles,

elbows, etc. (Figure 4.2 shows the effect of this section). Mean-

while, the high pressure and high speed gas from the air compressors

becomes one with lower pressure and lower speed (outlet speed is

about 10 m/second) due to continuous pressure reduction and volume

expansion. This process reduces the noise to a certain degree.

The second section is a resistive type sound suppressor. The plates

have thickness of 00 mm, and a separation distance of 120 mm. It

has better effect towards high and medium frequency range noises.

A-

-7

a. direction

850

Figure 4.1 Reactive-resistive combined sound suppressur

ior air compressor exhaustiJn
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1. Steel tube € 219xb; 2. steel tube P 3'23x7 --- I J,

b holes p SO,117 holes p 25 (uniformly arranged in six

rows); 3. steel tube p 529x - U- 100, Pi holes t,13,

hules p 30 (uniformly arranged in 5 rows); 4. steel plate

133 holes 0 30 uniformly arranged; 3. pertorated steel

plate S, degree of opening "00" thickness 1 low; ,a ,glass

fiber: 7. dividing plates

Figure 4.2 Reactive wave filterin, and jpressure redtucti.)n

and volume expansion section.

1. effective section with sudden chtin ,e in (.ross sew . tn

2. effective parts of perforated plates

3. effective parts of elbows

4. effective parts of screens

Tab'e 1. I Lvaluation table of reactive-resist i% V'I t nu td

sound suppressors for air compressor exhaust (t st iili

lucatiorn: 0."' m from the exhaust ,li ni-)

(ab2e next ,
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235. 1. 11 5 13. A. CP 91 ISO 46

a.Pressure (at-mosphere, g;auge pressure )

h.f )w vol)ume (m5 rn i nu t c fre qUeVIi' ' I IimhnIedu m

I Jw I . liise le-vel d 1l) befirf- insila I 1 1 1 s iu ni

S U 1 pres s irs P- r 1 1se *leve#l tdh)) aftt er i us aLin mnti tnd

su;ill ros s,)rs hi s iufld ri~duc- Lt inr( (11)

i be I c'4. I shows t te sdurld re duc t.i in e ffecut i f t Ihi s type f

s i u d stupYrossu) rs under d i r ferernit pressures and I I ')% ra' Lte S t

can be seen tha t, without the sound suppressi rs , t hc nj i se lk2v elI

increases with irncreasing exhaust pressure . 'Ai1th siutid sup)pressirs,

because ' their effect if -. radua liv reducin,, pressurtes. the 11ilse

I evelI bec, iwe S ind e p.nmde nt i f t het pre ssu re vairi atI ion Th Ic , i tI aIritS

t he nji s vs c au s es by t he sud den t c t~an rL in prs s 11res.

F,)r a ir co,)m 1 ps s,)rs w it h f 1o ra te s Ia r,,e r T ia 1 t hot j f t ;e

raodel h§Isimilar type o f soiu n ( suppre sso rs ci. -I (Ih IS d tr fI H
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e xlj aust t to If,) ever , t be d imp risi jos rieed t -hte intc reis ed , c mi-

t r-i I Iin L tice t'iji, ra te at the exhtaust i~peniri- tj be 10)-21) 'l spcjuid.

I)r smaI I -sca 1 e a i r (-, n Iressj rs , the re, u red s. rjid si ,p)rtssu rs

are much'i s irnjler f'jr example, Figure '1 .3).

F i .i r v '4. : ,Ajurd suppress.)r t-)r sm InaI -sciiI ; air

-)j ):3 risso r e~xiiru s t

V )nja$-(1 r )~-essirs, hi )uo~rs 1avo I -).(r pressure

a~d r_- o. i r t' I i v I tj'"s , 1,.1 rl u',j u i r r I ii r_;c -sva Ie hi jI,( rs

h t ) wi e ~rrs i iIi i til turtiace-i f )r st eel mill11s) with t'I uW

ral I a-, i ~ I as I iI-))) in :n itiu tp i *e.*, , '.(00-300, 00( t) i .-h'ur.

ri It r e xtIlautitflj jot's (-itrit reac H 120 -1 1) db(A w it h r )ad f retiueric

sdctrum a mld wide, a rea timude r it tIl ueni P. P) 1 UN itVIuf1 0011 Suine' I i-t-S

ro;it sevorn 1 ki I -met ors . Piro f* ro. tin d i mentsi )is -)I lt' P\.%iaus t

s )twflfI siip p rfssirs nieed t,) tiec cirrospotid im i y, I Iitt-Ter.

i 4ia ro !i !i i s th ee SclteU t 1 c d i an ram in t t. # st l I ri( u rfs o \iia u s t

Va ly VPS LJ id s u 11)re ss,-)r f ir 'li de I k)42) Itu r I)itn LI )wcr (J )x% 16 w nrt

MAIII(I supprt-ssr iis desi_,tied I)v h e1j1r~ M:uici pal h )rk rs
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Protection and Scienti fic Research Institute and the P~au tu Black

Metallurgical Institute. Its structure has also two sections. The

first section is a resonant reactive-resistive co)mbined sound sup-

piressor. Its basic component is a diamond-shape sound suppressing

structure (see Figure 4.5), with one side being a resonance cavity

and another being sound absorbing materials. The resonance cavity

is divided into sixteen small compartmeuts, with the desi-n based

on the frequencies needed to be removed. Such a diamond-shape sound

suppression structure has god effect for a relatively broad fre-

(nuency band. The secund section is a bend-plate type resistivp

sound suppressor. It suppresses sound through the sound absorbirig

materials. The bend-plate arrangement is for the purpuse _)f inducing

repeated reflections, while sound wave propagates thru,:h the passage,

thus increasing the loss of sound energy. The sound suppressiII

effect is then raised.

a. fiber glass V11

b. resonance cavity

i 4 i
* I

,i~ur, i .,'i Soind sui presso r t') r ar tl fulrne s L\ ult va I vt
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Having such a sjund suppressor instal led on the exhaust valve

jf the Model 4230-ul-1 blower with ; ltOU, tihe noise drops appreciably.

.t tota l exhaiis t , near the exhaust upenin, the no ise drops frm

131 db(A) t'o 7 db(A); at small-volume extaust, the noise ttiere drups

frim 121.5 db(A) to u9 db(A). Furthermore, at two meters away fr-m

the exhaust opening, one can make normal conversations. The effect

jr environments is already very small.

a. fiber -lass , cm

u. ,erf)rated steel plate

dpgree )t opening p = .201. $tA .f

plate thickness = mm

C it, '0 7 7 ~r ~

4e I

V S12 u

i .,-Lrf . -3 Schimatic diagram of a resonah2t ,? S)Lnd suppressor

SC vi t.V distance, wr (. resitialce l'r'jLtetItCv

e. iumber )f holes f. nole diameter, .!ri
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Figure 'i.o shows the sou~id suppression ef feet curves fur each

frequency band (oc tave band) for the a bove-ment ionted so)und suppressor

at different flow rates.

a. sound reduction (db) 6

b. frequenicy (11z) /1

Fig ure L.0 * soutid suppression effect curves for the exhaust

valve sound suppressors on Model K42"5O-i-l bliwers

1. so)und suppression curve for total exhaust

sound suppressiont curve for small-v) lume exhaust

"i-ure Lj.7 shows atiother example of large-scale blower e.XhauJst's

sounJId suppressors. This kind of sound suppressors have the passa !e

in] thp fo)rm o-f hel ix. The helix arid the wall surface are padded

with 9 cta thick -,Aass fiber, covered with perforated steel plates.

Sound waves are absorbed over several times through normal anid side

faces inside the helix. They are greatly reduced. Thu ias 11 )%s

ailong the ie lix upward to) exhaust. This kind )f sound suppresso rs

can redIL(-uc thne tioise of hi ower exhaust va-lve, to -0t-40 (it)
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Figure 4.7 another example of large-scale blower exhausL's

sound suppressors

In recent years, large-scale blowers' exhaust systems utilize

s:und suppressors in the form of ground hole filled with gravel

(see Figure !. ). The sound suppression effect is also good. \lhen

the stream passes through the sound suppressing hole, with volume

expansion and reducing speed, it passes tbrough the gaps between

aravel with slow speed of several meters per second. The gravel

reflect ttie noise sound marny times, dissipating greatly the sound

energy. They also change the pressure drop from a sudden drop toi

,rradual drop. By utilizing such kind of sound suppression on odel

K-4250 and K-51250 large-scale blower's exhaust system, sound reduc-

tiorn reaches 50 db(A). The original exhaust noise of 130-140 db(.)

is reduced to below 90 db(A). Small volume e:naust noise is as

1'Dw as 00-70 db(,A). Sometimes they can be even lower than the

factry's ambient noise.

Figure 4. is the grave 1.-ground hole type sound suppressor

for large-scale blower's exhaust system.

238
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a. sound-absorbing wedge

b.

c. gravel ( 100), 1000

thick -

d. gravel (@ 150), 500 -- ,

thick . -_

e. light rail

f. steel structure

gblower exhaust p ie 1) e

-------------------------------t ..... --- &

Figure 4.S Gravel-ground hole type sound suppressor for large-

scale blower's exhaust

For medium and small scale blowers' exhaust systems, the sound

suppressors can have smaller dimensions and simpler structures. For

instance, the exhaust system for the blower with a medium flow rate

h) = 1000 m)/minute approximately) can use one passage of the sound

suppressor in Figure 4.4, formed in the configuration as shown in

Figure 3.42(f), Figure 4.9 or Figure 4.10. Such sound suppressors

have length of nearly 3 m. When the flow rate is below 30 mi/s, the

s-,und suppressors have sound reduction of 50-40 db(A).
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For small-scale blowers (flow rate at several hundred m /minute)

one can use tube-type sound suppressors, tube type-expansion room

combined sound suppressors, or tube type-resonance combined sound

suppressors (see Figure 3.11 (a), Figure 3.112 (a), (b), (c), (e),

etc.).

I.:
(. *1i

Figure 4.9 An example of exhaust Figure 4.10 Another example

sound suppressor for medium- of extiaust sound suppressor

scale blowers for medium-scale blowers

;,hat should be the magnitude of controlled flow speed in the

exhaust sound suppressor for blowers'? If it is too low, the dimen-

sions of the sound suppressor will be too large for large flow volumes.

If it is too high, the re-generated noise will affect the efficiency

of the sound suppressor. In general, the flow speed for bl wers'

exhaust svstem should be controlled to below 30 m. s. If tie require-

ments on dimensions are more stringent, and the exhaust pipe is higi

above --round (e.g., above 5 m), then the floA speed can be higher.

h)wever, the highest speed should not be more thani ) 0-60 m/s.
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a. tiny-hole perforated plate 7-
b. perforated plate

c. fiber glass 00 40o . 0o

Figure 4.11 Schematic diagram of exhaust valve sound suppressor

for the Model LS4 Rotz blower (Q = 5000 m)/minute)

a. sound reduction (db) 1.

b. before sound reduction, 120 A"

near exhaust opening 19 A :

c. after sound reduction,

near exhaust opening 7

d. db 
,; .,

125 250 541 1k k 4k ak

e. frequency (ilz)<

Figure 4.12 Effect of sound reduction of the exhaust valve

sound suppressor for the Rotz blower

The controlled flow speed for sound suppressors is also related

to the buildings (offices, residential) near the exhaust outlet and

with strict noise requirements. If the requirements are not strict,

flow rate can be higher. utherwise, even the dimensions of sound

suppressors are large, the flow speed should still be reduced as

much as possible.

The exhaust system for boilers in generation facilities has

the characteristics of large flow volume (as high as several tens
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of tons per hour), high pressure (as high as 100 atmosphere), large

noise pollution area (sometimes reaching several tens 9f kilometers),

and high water content in the exhaust steam. Therefore, the sound

suppressors are required to be strong and durable, not susceptible

ta impact, water corrosion. Not only do they reduce sound, they also

allow pressure drop and volume expansion.

Figure 4.13 is the schematic diagram for the exhaust sound

suppressor for a certain generation facility's medium pressure

boiler (pressure at 31 kg/cm). This kind of sound suppressor can

reduce the boiler's exhaust noise by about 20 db. (The initial

30vj

Figure 4.13 Schematic diagram for thp exhaust sjund

suppressor for a certain generation facility's

medium pressure boiler (through hole diameter )f

10 mm)

a. sound pressure level (db) 110

b. frequency (Li)O

W 1-0 OU' 4I L W :- [ 6

2 26



Figure 4.14 Sound reduction effect curves for the exhaust

sound suppressor for a certain generation facility's

medium pressure boiler

1. noise frequency spectrum for a certain medium

pressure boiler's exhaust .

2. noise frPquency spectrum of the exhaust after

installing sound suppressor

testing point: 1 m from the exhaust opening, at 4530

noise sound level at 45 and 1 m from the exhaust opening is 137.5

db). Figure 4.14 shows the sound reduction effect curves.

Figure 4.15 is the schematic diagram for the exhaust sound

suppressor for a certain generation facility's high pressure boiler

(95 kg/m2). It has the same principle as that for Figure 1.13.

They both utilize the sound suppressor's cuttinuous chinge in

reactive-resistive properties, and the continuous pressure reduction

and volume expansion. Because of the large flow volume, high pres-

sure, therefore the sound suppressor has large dimensions and many

stages.

Such a sound suppressor can reduce exhaust noise by 20-30 di.

The structure has three sections, with the gas passaae cross sec-

tions increasing in steps, i.e.,

[- = 1.-(F + F = F_= F. - : = +. T3 ,

where F is the cross-sectional area of tube I: F F, is the

total holes' area of tube 1: F_ is the ring-sha le a rea betietn tu he

I and tube 2; V4 + F4  is the total holes's area .)I tube 2: i_ is

the ring-shape area between tube 2 and tube 5.
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In general, the boiler's exhaust tubes for generation facilities

are installed on top of buildings, more than 10 m from the Lround.

After sound reduction, and also attenuated over a distance more than

10 m, the boiler's exhaust noise is already not very strong on the grouna.

If the sound suppressor as shown in Figure 4.1b is used, the sound

reduction can be even higher (more than 40 db(.\)).

For boiler's exhaust, one can also use the spraying sound sup-

pressors. For instance, the spraying sound suppressor as shown in

Figure 4.17 can reduce the noise from a medium pressure boiler by

approximately 20 db.

a. evel7
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I~ 1
_ .

Figure 4.1 3 Schema tic diagram for the exhaust s'jund

suppressor for a certain gereratia~n facility's

hj_-h pressure. boiler

(through holes with diameter "afp> mam)

._A.



a. small hole perforated 1
plate

a. exhus tub

c.I: stee bel

Figuatrsea 4b scemaatiodarmorehutsud upesr

fo dr waters

f. sraingetub

g.water

h. steam

Figure 4..17 Spraying sound suppressor
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4.2 Ventilation and Climate Control
Noise Silencers

Ventilation and climate control are greatly used in residences

and work areas where there is a requirement for peace and comfort.

It is also used in many underground structures and in the design

and construction of mines. The standards regulating background

noise levels in such structures set requirements that are much

higher than those for usual industrial structures. Moreover, due

to the fact that the pressure heads of blowers are low, the require-

ments posed by these types of structures in terms of blockage

losses are aiso relatively stringent. It follows from this that, in

general, if one takes the flow speed in the noise silencers and
controls it so that is below 10 m/sec, it follows that, even if there

is high speed circulation, the flow speed will still not exceed

15 - 30 m/sec. In places where there are especially stringent

requirements, for example, in the ventilation and climate control

equipment of high-class buildings, the flow speeds within the main

ventilation ducts do not exceed 5 m/sec.

Concerning the question of the noise silencers in the ventilation
and climate control systems of such buildings, it is possible, on the

basis of their noise levels, frequency spectra, amounts of flow

as well as their conditions of employment, to select for use dif-

ferent lengths and cross sections of tube-type, plate-type, sound-

flow-type noise silencers, as well as complex resistance and minute-

aperture-plate noise silencers.

Figure 4.18 is an illustration of the national standard tube-

type noise silencer. Its noise suppression capabilities as well

as its dimensions can be seen in Table 4.2 [10].

When one is employing a tube-type noise silencer, the dimen-

sions of the horizontal cross section cannot be excessively large;

if it is excessively large, then, it is possible to take this tube

and use it as a part in the construction of a "bee-hive" noise

supressor. 2 46



Figure 4.19 is an illustration of the structure of the na-

tional standard plate-type noise silencer. Its noise suppression

characteristics and its dimensions can be seen in Table 4.3 [101.

Figure 4.20 is an illustration of the structure of the

national standard arc-shaped sound flow-type noise silencer.

Its noise suppression characteristics and its dimensions can be

seen in Table 4.4.

In recent years, the Shanghai Industrial Architecture Design

Academy has made test constructions of a type of wide frequency

band complex noise silencer [101. The noise silencing results

of this device were good and its air blockage was also small.

An illustration of its structure can be seen in Figure 4.21.

When the wind speed at the intake of the noise silencer is

8m/sec, then the noise silenced on the central frequencies of

various frequency bands can be seen in Table 4.5; when the wind

speed is 4-12 m/sec, the coefficient of localized air blockage

is 0.44.

As far as ventilation and climate control system noise silen-

cers are concerned, recently new requirements have been raised

for this type of equipment:

1. When operating in humid air, the acoustic characteris-

tics of sound-absorbing materials, following use, will increase

up to a fixed number of years and then deviate from what it

should be. This influences the noise silencing results; it

follows from this that there exists a requirement to find a type

of sound-absorbing material which is new and with which it is

not necessary to worry about moisture or humidity.

2. When one is dealing with high-quality precision machine

shops, meeting rooms and work areas, it is hoped that one will

not use fibrous materials as the type of material used for sound

absorptions. The reason for this is that this type of material

has a powdery layer blown off from it, and this contamination

has an influence on the health of the people in these types of

areas as well as on the accuracy of the work which they produce.

In this type of situation, it is possible to select for use a

minute aperture plate sound flow-type noise silencer (Figure 4.22).
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Figure 4.18. 1. An Illustration of the National

Standard Tube-type Noise Silencer. 2. Slag Cotten

with a Density of 170 kg/m 3 or Kaptron Fibers with
3a Density of 38 kg/m. 3. Sponge Plastic with a

3Density of 34 kg/m

Table 4.2 shows the amount of noise eliminated, and the blockage

losses for this type of noise silencer with different flow

speeds.

It is also possible to take a minute aperture plate noise

silencer and make it into a plate-type, a tube-type or a rectangu-

lar-type, as well as other different types of noise silencers

in order to satisfy the reruirements of ventilation and climate

control systems for use in different situations. Table 4.7

and Table 4.8 give the amounts of noise eliminated and the blockage
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Table 4.2. 1. Characteristics and Dimensions of

Tube-type Noise Silencers. 2. Nomenclature. 3.

Model Number. 4. Amount of Noise Reduction on the

Center Frequency of a Frequency Band (decibels).

5. Weight. 6. Dimensions (mm). 7. Slag Cotten

Tube-type Noise Silencer. 8. Sponge Plastic Tube-

type Noise Silencer. 9. Kapron Tube-type Noise

Silencer.
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Figure 4.19. 1. An illustration of the Structure of

the National Standard Type of Plate-type Noise

Silencer. 2. Glass Fibers. 3. Sealed Door.
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(m 30i16 /hour).?[O 6. Win Spee (2) Amun of Blockag

_______ I*
0 7 ' 7 9'Is001,30001 6 9 I

Loss (mm on water column). 7. Amount of Noise Silenced

on the Center Frequency of a Frequency Band (Decibels).

8. All this does not include the weights of the exterior

shell or the sealed door.
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Figure 4.20. 1. An Illustration of the Structure

of the National Standard Arc-shaped Acoustic Flow-

type Noise Silencer. 2. Slag Cotton. 3. Sponge

Plastic.

losses for two types of rectangular, minute aperture plate-type

noise silencers (Figure 3.45) given different flow speeds. The

structure of this type of noise silencer is shown in Figure 3.45.

From Tables 4.6 - 4.8 it can be seen that the blockage

losses of minute aperture plate noise silencers are much smaller

than those of drag-type noise silencers or complex resistance-

type noise silencers. Concerning the matter of rectangular
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minute aperture plate noise si±encers, it is almost possible to

ignore the blockage or resistance losses, and not consider them

in at all. This is of particular significance for ventilation

and climate ccntrol systems which require unusually stringent

controls on blockage or resistance losses.

What follows is an actual example of the use of a minute

aperture plate noise silencer in a ventilation and climate control

system.

I-
!14.4 1, m L i :3300 ifi )n

2- 1 IRI 2' A 7 *r

t 4.5 5.01.5 . 4.5 5 .015. 5; 50 100 2UU 40L) 60U 16U0" 50'o 30

-- _ - - --1616 3464 4 43
0012 k7413690141.1 , 2 6

Table 4.4. 1. The Capabilities and Dimensions of

the National Standard Arc-shaped Acoustic or Noise

Flow-type Noise Silencer (Length 3300 mm). 2.

Model Number. 3. mm. 4. Weight (kg). 5. The

Amount of Ventilation (m 3/hr) Put Out at a Certain

Flow Speed (m/sec). 6. Blockage Losses (mm on a

water column) Resulting at a Certain Flow Speed (m/sec).

7. The Amount of Noise Reduced (decibels) On the

Center Frequency of a Frequency Band.

A certain fertilizer plant had a newly installed W-1 model

climate control unit. After passing through more than ten meters

of ducts, the air from the unit entered a sterile chamber. The

rooms within this chamber all had small volumes; moreover, due

to the fact that there were certain technical requirements, the

252
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whole area was painted with a kind of shiny and slippery oily

lacquer; the area was like a reverberation chamber. In some of

the rooms, the background noise from the climate control unit

reached 81 decibels (A), and exceeded N75; even in the best of

the rooms, the background noise level reached 69 decibels (A),

N65. This monotonous background noise was difficult to listen
to, made people unusually irritable, and affected work efficiency.

After it was arranged to install a rectangular minute aper-

ture plate noise silencer such as the one shown in Figure 4.23,

the average background noise level in all the rooms fell to

below N50 and reached 52 decibels (A); its noise reduction

efficiency is as shown in Figure 4.24.

After the installation of this type of noise silencer, as

far as the particular technical requirements of the sterile chamber

were concerned, it was possible to fundamentally meet them, that

is: (1) The background noise level in the rooms must be

basically similar to that in the factory itself, and (2) with

the use of a pure metal minute aperture plate noise silencer which

is sprayed with a rust preventive paint, it is possible to use

moist gases to clean it; moreover, there is no fibrous powdery

layer.

Figure 4.25 is a diagram of a ventilation and climate con-

trol system which uses a minute aperture plate noise silencer.

4.3. Gas Disposal Noise Silencers for Internal
Combustion Engines

The noise which is produced by the exhaust systems of inter-

nal combustion engines is composed primarily of low and medium

frequency sounds with high frequency sounds reaching a certain

level. It follows from this that there is a requirement for

sound silencers which are to be used for this purpose to have

good capabilities in the low and medium frequency ranges and,

at the same time, to have a certain level of capability for high

frequency sound elimination. Besides this, internal combustion
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Figure 4.21. 1. An Illustration of the Structure

of a Wide Frequency Band Complex Noise Silencer. 2.

Outer Wrapper of Poly Vinyl Chloride. 3. Expansion

Chamber. 4. Steel Plate with a Thickness of 0.5 mm,

Aperture Diameter of 8mm, Penetration Rate of P = 30%.

5. Wooden Framework of the Outer Wrapper of Poly Vinyl

Chloride. 6. Interior Stuffing of Glass Cotton

(20 kg/m3 ).

engines put out gases which have a high temperature, a high flow

speed, carry with them pollutants from the fuel and, sometimes

still contain some flames. Because of this situation, noise

silencers for internal combustion engines should be primarily

of a resistance or resistance complex nature, and the sound

absorbant materials which are employed in them need to be resis-

tant to high heat, to shock, and there should be no fear of

pollutants or fire as far as they are concerned.
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Table 4.5. 1. The Noise Suppression Capabilities of

a Wide Frequency Band Complex Noise Silencer. 2. Fre-

quency Band Center Frequency. 3. Amount of Noise

Eliminated (decibels).

IL. 3

"<\_ ... ,/ - ' I

j 4.22 &

Figure 4.22. 1. An Illustration of the Structure of

a Minute Aperture Plate Acoustic or Noise Flow-

Type Noise Silencer. 2. Minute Aperture Plate.

3. Resonance Cavity.

After diesel engines similar to the 4115 type (65 horse-

power and 55 horsepower) were fitted with a minute aperture plate-

drag type noise silencer similar to the one shown in Figure 4.26

as well as a curved head mesh screen noise silencer similar to

the one in Figure 4.27, the noise went down 20 decibels (A);

the noise suppression frequency charts for the various cases

are shown respectively in Figure 4.28 and 4.29.

After a type of noise silencer similar to the one shown in

Figure 4.30 was chosen for employment in a medium size diesel
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18i 28 29 33 30 42 51 41 01

16 25 29 33 2.3 32 41 35 0.5

IQ 15 23 26 29 22 30 35 33 4.9

1513 19 21D 24 20 26 134 30 8

Table 4.6. 1. The Amount of Noise Eliminated and the

Blockage Losses for a Minute Aperture Plate Noise

Silencer Given Different Flow Speeds. 2. Flow Speed

(m/sec). 3. Amount of Noise Eliminated (decibels).

4. Center Frequency (Hertz). 5. Blockage of Resis-

tance Losses in mm on a Water Column.

engine (350 horsepower), its exhaust port was 450, and, at a dis-

tance of one meter, the noise livel went down 30 decibels (A);

the noise reduction frequency spectrum curves are as shown in

Figure 4.31. From 63 - 8000 Hertz, within a wide band of fre-

quencies, the noise level dropped by 30 - 40 decibels.
Figure 4.32 is a simplified drawing of various noise silencers

which are used with internal combustion engine exhausts both

inside and outside China.

4.4 Air Compressor and Air Blower Noise Silencers

On the basis of the different frequency characteristics of

air compressors, it is possible to respectively choose for use

expansion chamber noise silencers, expansion chamber-drag type

complex noise silencers or resonance resistance complex noise

silencers (ss Figure 3.42(a) - (d) and Figure 3.43(e)).

Figure 4.33 is an illustrative diagram of a model 160B-20/8

air compressor noise silencer. When the type of noise silencers

we have mentioned are installed in the intake and exhaust ports

of this type of air compressor, the noise will be greatly reduced.
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0 1 16 25 2 , 26 2!23 1 26 0

712 16 25 24 22 25 23 25 0.01
10 12 16 25 23 22 25 23 25 0.24

10 11 14 22 20 23 26 23 24 0.63

20 9 12 21 22 20 24 23 24 1.32

• 25 1 9 t9 21 20 26 23 24 1.52

Figure 4.7. 1. The Amount of Noise Eliminated and

the Blockage of Resistance Losses for a Minute Aperture

Plate Rectangular Noise Silencer (the passageway is

150 mm) Under Different Conditions of Flow Speed. 2.

Flow Speed (m/sec). 3. Amount of Noise Eliminated

(decibels). 4. Center Frequency (Hertz). 5. Blockage

Loss in mm on a Water Column.

J-

B 3 125 Z50 500 1k 2k 4k 8k

7 12 IS 26 25 20 22 25 25 0

11 12 17 23 Z3 20 20 26 24 0

17 11 15 23 22 20 22 23 23 0

20 6 12 22 21 20 21 21 20 07

Table 4.8. 1. The Amount of Noise Eliminated and the

Blockage Losses for a Rectangular Minute Aperture Plate

Noise Silencer (with passageway 250 mm) Under Different

Conditions of Flow Speed. 2. Flow Speed (m/sec).

3. Amount of Noise Eliminated (decibels). 4. Center

Frequency (Hertz). 5. Blockage Losses in mm on a Water

Column.
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Figure 4.23. 1. The Rectangular Minute Aperture Plate

Noise Silencer on the Model W-1 Climate Control

Unit in a Certain Fertilizer Plant, the Plate Thickness

of the Minute Aperture Plate is t = 0.75 mm, the
Diameter of the Apertures is 0.8 mm.
2. M4inute Aperture Perforated Plate

N50
(2)N

so ~40

80m.,E 1 (1)

6 12S 250 500 lk 2k 4k 8k

Figure 4.24. 1. The Noise Silencing Results of the

Minute Aperture Plate Noise Silencer Used With the
Model W-l Climate Control Unit. 2. Before Use of the

Noise Silencer. 3. After Use of the Noise Silencer.

4. The Center Frequency Among Frequency Multiples
(6Mertz). 5. Degree of Acoustic Pressure (decibels)
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Figure 4.25. 1. An Illustration of a Ventilation
and Climate Control System in Which is Used a Minute
Aperture Plate Noise Silencer. 2. A Rectangular type
is Appropriate for Use When the Amount of Flow is
5000-10000 m /hr. 3. The Acoustic Flow Type is
Appropriate for Use When the Amount of Flow is 10000-
20000 m /hr. 4. The Plate Type is Approprijte For
Use when the Amount of Flow is 20000-30000 m /hr.
5. The Acoustic Flow Type is Approqriate for Use When
The Amount of Flow is 40000-50000 m /hr. 6. The
Plate Thickness of the Minute Aperture Plate is t =

0.8 mm. 7. The Diameter of the Apertures is D = 0.8 mm.
8. Minute Aperture Perforated Plate.

Figure 4.34 is a graph of the noise values measured in the

air intake port of an air compressor. It can be seen that the

noise, within a relatively wide frequency range, was reduced,

particularly in the vicinity of 250 Hertz, where the drop was

approximately 40 decibels.

F 1/
*l ftP2 ": %.0 , " s ' -* 

. 8 to-

ISO 100 25

650

114.26 4115

Figure 4.26. 1. A minute Aperture Plate-Drag-type

Noise Silencer for a model 4115 Diesel Engine. 2.

Minute Aperture Plate. 3. Perforated Plate. 4.

Glass Cotten.

Figure 4.35 is an illustration o' tn nG.-e silencer used on

a model V-3/8-1 air compressor. When a noise silencer of this

type is installed in the intake port of the air compressor,

there is an obvious reduction in the noise level (see Figure

4.36).

In the case of air blower machinery, their noise level is

high, their frequency spectrum is wide, and their amounts of
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Figure 4.27. 2. A Curved Head Mesh Screen Noise

Silencer for a Model 4115 Diesel Engine.

flow are large; it follows from this that one ought to employ

with such equipment resonance resistance complex noise surpres-

sors and drag-type noise silencers.

This noise silencer is in the form of an elongated square

(outer shell dimensions are 3000 x 600 x 700 mm) with a body

proper length of 2.4 m and an extension length or overhang of

0.6 m. The central or core section is the wide frequency band

noise silencing body as is shown in Figure 4.38. It is formed

from resonance devices and a complex of sound absorbing mater-

ials. As was discussed in Section 3.2, the types of resonator

devices which have cavity depths of 15 cm, wall thicknesses of

t = 2.5 mnm and penetration rates of P = 0.6%, 1%, 1.2%, and 2%,

within the range of 125 - 400 Hertz, all have sound absorption

coefficients which are 70% or above. When these are put together

with glass cotton (density 20-30 kg/m 3 with the surface using

polyvinyl chloride and an additional system of steel plates or

a penetration plate protective surface with a penetration rate of

20% or higher), this causes the noise silencing body, within

the wide frequency range of 125-8000 Hertz, to have sound absorp-

tion coefficients which reach 70% or higher.
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Figure 4.28. 1. Noise Reduction Curve for a Minute
Aperture Plate - Drag Type Noise Silencer for a
Model 4115 Diesel Engine. 2. Amount of Noise
Reduced (decibels). 3. Frequency (Hertz)

20

63 125 250 500 1k 2k 4k Sk

M 4.29 4115 -

Figure 4.29. 1. Noise Reduction Curve for the Curved
Head - Perforated Screen of Mesh Screen Noise Silencer
for a Model 4115 Diesel Enaine. 2. Amount of Noise
Reduced (decibels) . 3. Frequency (hertz)
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Figure 4.30. Exhaust Noise Silencer for a 350
Horsepower Diesel Engine. 2. Direction View

120
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Fiqure 4.31. 1. Noise Reduction Results with a 350
Horsepower Diesel Engine. 2. Frequency multiple
Acoustic Pressure Level (decibels) . 3. Frequency
(Hertz) . ----. Noise Frequency Spectrum for the Diesel *
Engine Exhaust Port 450 at a Distance of one Meter
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Figure 4.33. 1. The Noise Sile-ncer for a Model
160B-20/8 Air Compressor. 2. Glass Fibers. 3.
Perforated Plate.
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Figure 4.34. 1. Noise Reduction Results After the
Installation of Noise Silencers in the Intake Port of
an Air Compressor.
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Figure 4.35. 1. An Illustration of the Noise Silencer
for a Model v-3/8-1 Air Compressor.
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Figure 4.36. 1. The Noise Reuction Results After
Installation of Noise Suppressors in the Model

V V-3/8-1 Air Compressor. 2. Frequency Multiple

Acoustic Pressure level (decibels). 3. Frequency
(Hertz).

Iz°O Iso uo) o 4o

-1.3 7 L8 ) kt

Figure 4.37. 1. A Structural Diagram for a Model
L84 Blower Using a Resonance Resistance Complex
Noise Silencer.

If noise silencers are installed in ductwork according to

the method put forward in Figure 4.39, then, the noise level is

lowered in the following way:

1. When the flow speed in the noise silencer is 35 m/sec,

then, the overall acoustic pressure from the noise is lowered

from 131 decibels to 79 decibels; the A sound level is lowered

from 126 decibels to 72 decibels; these reductions in noise
0occur when the exhaust port of the ducting is at 45 , and

measurements are taken at a one meter point. The frequency

spectrum is lowered to N70 (see rigure 4.40) and is eventually
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Figure 4.38. 1. An Illustration of the Structure
of a Wide Frequency Band Noise Silencer. 2. Glass
Cotton. 3. Polyvinyl Chloride. 4. Steel Plate
Net. 5. Steel Plate Thickness t = 2.5 mm. 6. Per-
forated Plate with Hole Diameter o 10 mm.
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Figure 4.39. An Illustration of the Installation
of a Noise Silencer. 2. 2; wer . -jse . iencer

lowered to N85.

At medium flow speeds, with a ductwork exhaust port at 450

and at a distance of one meter, the A sound level is lowered to

56 decibels. When one is dealing with small flow speeds (for

example, 10 m/sec), then, the A sound level is lowered to 52

decibels.

2. The level of overall acoustic power is lowered from

133 decibels to 86 decibels; the overall acoustic power is

lowered from 20 Watts to 0.0004 Watts.

3. The level of interference with speech is lowered from
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Figure 4.40. 1. An Evaluation of the Noise Reduction
Results From a Noise Silencer in the Ductwork. 2.
Frequency Miltiple Acoustic Level (Decibels). 3.
Frequency (Hertz). 4. Duct Noise. 5. Curve. 6.
Noise Measurement Points in the Ductwork After Noise
Reduction: Ductwork Exhaust Port 45 at one meter.

114 decibels to 67 decibels which means that there is no influ-

ence on oral communication.

4. The surrounding offices and laboratores cannot hear the

noise from the operation of the ventilation system.

The Shanghai Industrial Architectural Design Academy .377

has recently made successful test production of a serial noise

suppressor which is fitted to be used with a Luo Ci-gu blower

(it is called a Model D Noise Silencer, see Figure 4.41), and

this noise suppressor is of a folded plate resistance type which

comes in seven types all together and in varying sizes; these

types are respectively suitable for use with Luo Ci-gu blowers

having rates of flow from 1.25 - 200 m 3/minute. Table 4.9 is a

display of their sizes and specifications. These seven types of

noise silencers are already in definitive production form in the

Xiang Yang Noise Silencer Plant in Changsha City, Hunan.
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Figure 4.41. 1. An Illustration of the Series of

Model D Folded Plate Resistance-Type Noise Silencers
For Use With Luo Ci-gu Blowers.

2. single passages 3. double passages 4. triple passages
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Table 4.9. 1. Series Specifications for Model D
Noise Silencers. 2. Model Designation of Noise
Suppressor. 3. Effective Length in mm. 4. External
Diameter (mm). 5. Flange Hole Diameter (mm). 6.
Noise Absorbing Section Thickness (mm). 7. Noise
Absorbing ection Distance (mm). 8. Area of the
Passage (m ). 9. Traisit Flow Speed (m/sec). 10.
Amount of Flow Used (m /minute). 11. Weight
(kg/ unit).

In Figure 4.41, D1 and D 2 are single passageways; D3, D4 and

D5 are double passageways, and D6 and D7 have three passageways;

all of these variants are composed of two parts or sections and

have an angle of fold which is approximately 200. The sound

absorbing plates are all made with exceedingly fine glass cotton

stuffed to a density of 20 kg/m3 ; on the surface is used a

fiber glass covering with perforated steel plates as a protec-

tive covering (thickness 0.75-1.2 mm, hole diameter is P 6 mm,

rate of penetration or perforation is P27%). For the sound
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absorbing layers in the lateral direction on the D7 model noise

silencer, there was employed a double layer of perforated steel;

the utilization of the empty cavity which has sound absorbing

*-. 4.16 D .D..DI7 U ... m .{ "'2- M )RAVE At

_________ • amm ) . .. ' -

304 Ift a an08w

60-80 *'/J * D' 5 1* .93
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Figure 4.10. 1. Experimental Values for D4 ,
D and D Models of Noise Silencer. 2. Con-
ditions ?or Experimental Measurement. 3.
Results of Noise Suppression. 4. Acoustic
Level (Decibels A). 5. Amount of Flow Through
the Blower in M /Min. 6. Without the Install-
ation of a Noise Silencer (Distance of One Meter).
7. With the Installation of Noise Silencer
(Various Models) (Distance of One Meter).

material improves the noise silencing characteristics in low

frequency ranges, and, since this economizes on glass cotton,

it is also possible to increase the strength of the outer shell

of the noise silencer. Concerning the layer of thin steel

plates that are installed between the folded sound silencing

plates or sections in the middle section of the D6 and D7 model

noise silencers, these are installed in order to prevent the

sound waves in the interior of the noise silencer from passing

through directly; the installation of a round horizontal wall

plate on the sides of the sound absorbing cavities not only

make it possible to raise the level of integral rigidity of the '4
body but also makes it possible to avoid the lateral propaga-

tion of sound waves within the sound absorbing cavity.

The D model series of drag or resistance type folded plate

noise silencers which have been discussed above are primarily

suitable for use with Luo Ci-gu blowers and are used to silence

noise in the intakes of these blowers. If one is using noise
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silencers on the exhaust of a blower, then, one should arrange
for a suitable strengthening of the structure of the noise
silencer to be used. This type of noise suppressor is also
suitable for general use in the elimination of noise from the
intakes of medium and low pressure blower ductwork as well as
from those of other types of high pressure blowers (such as
9-27 types and 8-18 types) which have similar specifications

for their amounts of flow.

Table 4.10 is a table of the experimental values which
were determined for model D4 , D5 and D7 noise silencers.

If one is considering the case of large scale drum blowers,
then, it is possible, on the basis of the flow conducting
equipment in the ducts, to design an appropriate noise silencer

to suppress the noise; it is also possible, at the same time,
to improve the air-moving characteristics of the blower involved.
Figure 4.42 - Figure 4.45 are illustrations of the structures

of large scale drum blower noise silencers.
In recent years, in the intakes and exhausts of drum blowers,

there have been used mesh plate noise silencers similar to

those found in Figure 3.44, 4.22 and 4.30; with the use of this
type of noise silencer, it has been possible to obtain excellent

noise silencing results.

In the case of drum blowers and air compressors, besides

the addition of sound silencers, there are occasions when it is
also appropriate to carry out the operations of noise isolation
and the reduction of resonance [387 and, by the use of these
methods, to effect an overall reduction in the noise level.

4.5 Noise Silencers for Jet Aircraft and Rockets

If we are dealing with the case of jet aircraft and rockets,
there is no question that, in flight, whether it is during take-

off and landing or during operation on the ground, the noise
levels are extremely high, and there is a need for control.
Below we will introduce the problem of noise silencers for this
application by considering it from three points of view.
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Figure 4.42. 1. An Intake Figure 4.43. 1. Directed I
Directed Flow Noise Silencer. Flow Elbow Noise Silencer.

2. Outer Shell. 3. Guide
Vane. 4. Sound Absorbing
Material. 5. Perforated
Plate.
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Figure 4.44. 1. An Illustration of the Structure
of a Model D700/3-2 Exhaust Port Noise Supressor
for a Drum Blower.

273



4.5.1 The Noise Which is Put Out By Jet Engines
During Flight

Ordinary drag or resistance type noise silencers have large

volumes, are clumsy and cumbersome and are only able to meet

the requirements of aircraft during operations on the ground

or when used during take off. Many years of research demon-

strates that [3, 5, 24, 39, 40, 41] the reduction of the noise

which is put out by engines during flight is a problem which

can be come to grips with through a study of the construction

of the engines which are producing the noise in terms of the

jet flow which occurs within them.

C2466 X466

E4.45 D70/3-2 a

Figure 4.45. 1. An Illustration of the Structure
of a Model D700/3-2 Intake Port Noise Silencer for
a Drum Blower. -. -,_ -na, ja.-i

The type of noise silencer required for this application are

ones which go through and destroy jet flow patterns and organize

new jet flow patterns in order to arrive at the required reduc-

tion in noise. We know it is true that the acoustic power of

the noise produced by a jet and the jet speed of the engine in

question form an eighth power direct proportion, and we also

know that there is a direct square relationship between the

thrust of a jet engine and the jet flow speed of that engine.

On the basis of this, it follows that the most effective method

one could use to reduce jet noise is to lower the jet flow

speed. Because of this, the widespread application or utilization
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of many engines to take the place of one engine guarantees that

the thrust will not vary, and this approach, when it is used in

conjunction with a lowering of the jet flow speed of the engines,

makes it possible to achieve the objective of noise reduction.

However, it is not possible to increase the number of engines

without limit. Because of this fact, there has been intensive

and large scale research and test production of jet nozzle sound

silencers with a view on the one hand to a lowering of the jet

flow speed and, on the other, to the problem of not excessively

influencing the thrust of the engine.

The simplest type of jet nozzle noise silencer is illustrated

in Figure 4.46; this type is a jet flow guide of a tubular type

which is installed in the jet nozzle of the engine in question.

Air is induced to enter the jet apparatus and mix with the

original jet flow; this causes the amount of flow of the jet flow

to be increased, the speed to be lowered, and, as a consequence,

the jet noise to also be lowered. This method is simple and

convenient; however, in order to achieve a certain amount of noise

reduction, the tube must be quite long.

y1-1

Figure 4.46. 1. A Tubular-type Induced Flow
Jet Apparatus for Noise Silencing in Jet Nozzles.
2. Entry of Induced Secondary Air Flow. 3.
Original Jet Flow. 4. The Outer Tube of the
Jet Apparatus.

A relatively better method is to change the configuration

of the shape of the jet nozzle of the engine. In recent years,

the largest part of the research and experimentation that has

been done into this aspect of the problem has been concentrated

in the area of the improvement of the configuration or shape

of the jet intake nozzle. In the earliest days, use was made
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Figure 4.47. 1. Various Types of Noise
Silencing Jet Nozzles With Different Shapes.

of tooth-shaped jet nozzles to take the place of straight tubular

jet nozzles (Figure 4.47a); after further progress was made,

this concept was developed into a wave-shaped jet nozzle (Figure

4.47b), and, at present, the method which is generally utilized

is one in which multiple tubular jet nozzles are used or a

similar one in which multiple wave-shaped jet nozzles are used

Figure 4.47 e-f).

If one is considering these noise suppressing jet nozzles,

they can induce more secondary flow than is the case with the

original simple tube-type, round jet nozzles; this causes the

area of the new jet flow which is formed to be enlarged, the

jet flow speed to be lowered, and, consequently, this allows the

objective of noise reduction to be achieved. These noise

suppressing jet nozzles also are capable of causing the frequency
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spectrum of the noise to shift from low frequencies to high

frequencies. Because of the fact that there is a relationship

between the frequency composition of the noise and the diameter

of the jet nozzle; this means that, if the diameter of the jet

nozzle is small, then, the frequency of the jet noise will be

high; if we reverse this, then, the frequency of the jet noise

will be low. Noise suppressive jet nozzles take one large

diameter jet nozzle and change it into several small jet

nozzles with a fixed distance between them; this approach

causes the frequency spectrum of the jet noise to shift toward

the high end. Air absorbs high frequency sounds much faster

than it absorbs low frequency sounds; this, to a certain extent,

also lowers the jet noise from the engine.

Figure 4.48 is a display of the noise reduction results

from noise silencing jet nozzles. In the figure, the two

curves in the top of the graph represent data which was taken

when an aircraft was flying over at an altitude of 150 m; the

bottom two curves represent data taken on frequency spectra

when the engine was on the ground; the curves with the high

acoustic levels are the ones which were obtained from data

taken on engines which had not been fitted with noise silencing

devices and had the ordinary tube-shaped jet nozzles; the curves

with the lower values represent data taken from engines after

they had been fitted with the noise silencing jet nozzles. It

can be seen from the figure that the noise suppressive jet

nozzles caused a relatively large reduction in the low frequency

noise; moreover, there was caused a reduction of 7 decibels in

the overall level of acoustic pressure, and there was a percepti-

ble reduction in the noise level of 5 decibels. The lower two

curves represent the sound spectra for two for the noise for two

types of jet nozzles when an aircraft was flying at an altitude

of 450 m. It is possible to see that the noise silencing jet

nozzles, at one time, cause the low frequency noise to be reduced

in a relatively large way; moreover, it causes the overall

level of acoustic pressure to be reduced by 10 decibels as well

as causing a reduction of the perceptible noise level of 7

decibels. It is also possible to see from the chart that when
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the altitude of the aircraft changed from 450 m to 150 m, and

the distance increased 1.5 times, the corresponding differen-

tial in acoustic pressure is 9 decibels; this corresponds appro-

priately with the inverse square law requirements. However,

in the high frequency range, due to the fact that there is

atmospheric absorption, the corresponding differential is more

than 9 decibels.

Because of these facts, after sound silencing jet nozzles

are installed in the jet tubes of jet aircraft, as far as take

off and landing periods are concerned, it is generally possible

to lower the noise 4-15 EPN; from Table 2.9 it is possible to

see that, after the employment of sound silencing jet nozzles,

the take off noise of a DC 10 is reduced 4 EPN decibels, and

its landing noise is reduced 5 EPN decibels; it can also be

seen that the take off noise and the landing noise of a DC 8 are

both reduced 12 EPN decibels; and, it can be seen as well that

the take off noise of a Boeing 707 is lowered 11 EPN decibels,

and its landing noise is lowered 15 EPN decibels, and so on.

In general, these sound silencing jet nozzles are capable of

causing the production of a 1-5% loss in the thrust produced

by the engines; moreover, the installation of them causes the

weight of the engines to be increased by several hundred kg.

If one is dealing with the case of a Ru Tu 104 passenger plane,

then, after the installation of noise suppressing jet nozzles,

the power level of the noise was lowered 7-8 decibels; however,

the thirust of the aircraft was reduced 1.4 - 2.2%.

I recent years, as far as the problem of the reduction of

the noise of jet aircraft engines is concerned, there has also

been done a good deal of work on the problem of the absorbtion

of noise by the arrangement of engine compartments in aircraft.

Figure 4.49 is an illustrative diagram of the use of a jT-9)

engine compartment arrangement as it appears in a Boeing 747

passenger plane. As far as the question of sound absorbing

arrangements in the engine compartments of aircraft is concerned,

there is a very great requirement for noise absorbing materials

which are capable of resisting hijh temperatures and the shock

of high speed air flow: Figure 4.50 is an illustrative diagram
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of the structure of some materials which can be considered for

use in such conditions.

4.5.2 Silencing of Noise from the Take Off
or Ground Operation of Jet Aircraft

The use of exhaust noise silencers is a relatively effective

way of lowering the jet noise which is produced during the take off

or ground operation of jet aircraft.

On the basis of the occasions on which their use is called for

and the environment in which that use takes place, it is possible

to divide noise silencers into three types: fixed noise silencers;

moveable noise silencers; and, noise silencing aircraft beds which

M4.48 Xtn l

Figure 4.48. 1. Noise Silencing Results From
Noise Suppressive Jet Nozzles. 2. Meters Alti-
tude. 3. Decibels. 4. Without Sound Silencing.
5. With the Addition of Sound Suppressive Jet
Nozzles. 6. Hertz.

are capable of containing the entire aircraft involved. All of

these noise silencers are relatively clumsy, have very large volumes

and have lengths that reach to ten or twenty meters. In principle,

they are composed of three main sections or parts (see Figure

4.51).
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Figure 4.49. 1. An Illustrative Diagram of
the Sound Absorbing Arrangement in the JT-9D
Engine Compartment of a Boeing 747 Passenger
Plane. 2. Sound Absorbing Sections of the
Arrangement.

Figure 4.50. 1. An illustrative Diagram of the
Basic Structure of the Sound Absorbing Components
of Engine Beds. 2. Perforated Plate. 3. A
Honeycomb Sandwiched Between the Perforated
Plates. 4. The Amount of Noise Reduction (Decibels).
5. Low Acoustic Pressure Level. 6. High Acoustic
Pressure Level. 7. Pourous Material. 8. Air Flow.

1. Induced Flow Section: Concerning the high temperature,

high speed gases which are put out by the jet nozzle, the jet noise

silencers take large amounts of air which is at normal temperature
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(the secondary flow) and induce them to enter the noise silencers;

in this way, not only is the temperature of the air flow of the

jet lowered, causing the noise silencers to be unlikely to lose

their effectiveness due to the effects of high temperatures, but

also, this procedure causes the lowering of the speed of the jet

air flow, which causes the level of noise to be reduced somewhat.

2. Diffusion Apparatus: These apparatuses are, structurally

speaking, formed in the shape of a plate or an arc or a sharp cone,

and they are formed out of perforated steel plate; they are posi-

tioned on a horizontal cross section of a jet gas flow. The func-

tion of these apparatuses is to break up the formation of jet

noise, to lower the speed of the jet gas flow, to take the low

frequency portion of the jet noise and turn it into a high frequency

component and, thereby, to achieve a relatively large decrease in

the amount of jet noise, particularly low frequency noise.

ZMAN

Figure 4.51. An Illustrative Diagram of a Noise Silencer
for Use During the Take Off of Jet Aircraft or
During Their Ground Operation. 2. Secondary Flow.
3. Cone-shaped Grid. 4. Noise Absorbing
Structure. 5. Noise Silencer. 6. Jet Exhaust.
7. Diffusion Apparatus. 8. Induced Flow Blades.

3. Noise Silencers Which Carry With Them Noise Absorbing

Structures: The flow induction section and the diffusion apparatus

section are capable of lowering the jet speed and the temperature

of the jet flow; moreover, they are capable of causing a reduction

of a certain size in the noise produced. However, large scale

reductions in noise from jets is still dependent upon noise silenc-

ing sections which have noise absorbing structures which accompany

them. These noise silencing sections are similar to the exhaust

air release noise silencer in Section 4.1; most such devices are

of a blade type, a folded plate type or an acoustic flow type.
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Figure 4.52. 1. An Example of a Noise Silencer
for Use During the Take Off of Aircraft or
During Their Ground Operation.

However, one ought to pay attention to the fact that noise absorb-

ing materials and noise absorbing structures should be resistant

to high heat and fuel vapor as well as to shock erosion (it is

possible to employ glass cotton with a high silicon oxide component,

fire resistant brick or sound absorbing structures made out of

perforated metallic plates); in the jet exhausts, the placement of

elbow-shaped devices which have noise absorbing materials in them

as well as the placement of induction flow plates causes the

exhaust put out throuqh the noise silencers to be turned skyward.

Figure 4.52 is an example of a noise silencer for use during

the take off of aircraft or during their ground operation.

4.5.3 The Lowering of Noise From Rockets

Ordinarily, rockets experience ignition on the launching pad

and take off vertically from there; the noise they put out is

extremely strong. Due to the fact that the noise from these

rockets has a maximum frequency value which is in the extremely

low range, it is relatively difficult to eliminate; moreover, the

282

EL.......... ..



rockets put out jet gases which are at 2000 0C and over, and it is

not easy to find materials which have good properties in the areas

of resistance to high temperatures and resistance to high speed

air flow shock; because of these factors, the problem of the

control of the ground noise put out by rockets has still not reached

a thoroughgoing solution.

At present, concerning the methods for the lowering of the
noise put out by rockets, the principal ones are the use of various

models of jet blast deflection plates. These deflection plates

cause the jet blast from the rockets to be diffused, and, as a result

of this, lowers the noise produced by the jet from the rocket,

particularly the low frequency noise.

Besides this, concerning the building of underground launching
silos, the installation on the walls within the silos of heat resis-

tant and blast resistant sound absorbing materials or of sound

absorbing structures is also a method for reducing the noise put

out by rockets; the sound absorbing structures in the engine bed

which is illustrated in Figure 4.50 as well as the double layer

perforated plate noise absorbing structure are both methods which

can be selected for use.

Appendix 1 Resistance Losses (Pressure Reductions)
in Commonly Seen Piping

1

1. Friction Resistance Losses.

If we use a formula to represent them, then, it is

X- . t IO' (kg/cm 2 )
d, 2Z

In this formula, &F is the coefficient of friction resistance;

I is the length of the piping in meters; de is the effective diameter

of the piping in meters; v is the average flow speed in meters

per second; g is the acceleration of gravity which is 9.81 m/sec
2;

and, y is the gas density in kg/M 3.

Concerning the generality of noise silencers, most of them are
rough pipes; their coefficients of friction resistance are dependent

on the corresponding degree of roughness of the walls of the pipes,

and the numerical values for these two quantities are as shown in
283



Appendix Table 1.

0.2 0.4 0.6 0. 1.0 1.5 2 3 4 52- 11 1/A _(%)__ 1

R3)3In .0360.0239 0.044O0.04, .7oc 5'.0

Appendix Table 1. 1. Appendix Table 1 The
Coefficients of Friction Resistance EF (Reynolds
No Re > 105). 2. Corresponding Degree of Rough-
ness. 3. Coefficient of Friction Resistance.

In the Table, e is the absolute degree of roughness of the
wall surface. As far as cast iron pipe is concerned, c = 0.25 mm;
as far as cold drawn and cold rolled steel pipe is concerned,
= 0.04 mm; and, as far as perforated plate is concerned, it has

an order of magnitude which is the same as the diameter of the

perforations.

In ordinary diameter piping, e/de can be chosen as 2%. &F
can be chosen as 0.05. In general, friction resistance losses
are not the main source of resistance losses in noise silencers.

2. Local Resistance Losses
The local friction losses which are caused when changes are

produced in the direction and cross section area of the gas flow

are

±p- - 7 X 10 (kg/cm2)
2g

In this formula, C is the coefficient of local resistance, see
Appendix Table 2; v is the gas flow flow speed at d0

'Taken from "Mechanical Design Handbook", Fuel Chemical
Industry Publishing House, 1972.
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A ."l 1JaSM I

b AOM: 5wn :4<0. -05 and #:d.:00 K. -

a Re> to- when 64>O.O and bd<.it K;,-.

o 45 60 70 0+605

" 0.40e>0 . 0 .2 1 0. 0 .5 o0.1

90 0.41 0.3 0.28 0.20 0.2 0.21

120 0.43 0.38 0.35 0.3,0.31 0.29

Appendix Table 2. 1. The Coefficient of Local
Drag in the Intake of Piping. 2. Form of the
Intake of Entrance . 3. Coefficient of Local
Drag or Resistance . 4. The Entrance Is at an
Acute Angle with a Convex Side Re > 104. 5. The
Entrance Is at an Acute Angle With Re > 104. 6.
An Entrance With a Rounded Edge. 7. In the
General Case of Vertical Entrances, a = 9003 A
Chamfered Entrance With Re > 104 (It is optimum
when a = 600.
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S !.05 (do/d,

, 05 1. 1 1. 2 .4 0 ... .2.0 o2.9 3.0

- IRRe> 2 . I0' C 1.28 I.42.184.0316.88 II.01t. b'4 141 43 .€l~4c8

id, a.

2~a 9 6 8 10J12 16120 24 1 0

2 1.14 0.91 0.73 0.06 0 .52 0 .11.. 71;.14,0.62
4 086 .57 0.42 0.3 0. 1)0 2 0., ,)4,0 - 0

Re>2 !0, 6 0.49 0.34 0.25 O.t.,
10 0.40 0. 20 0.15 1o. 1410o. til: n. I n. 2h .,41. .,%10. GO

~~ ~r/d. Id0 .. 9

' .1 :1
= { 

0 .9 i 4.Il 4 .5" 4.13U ' ' 1 2.| ? .l, >1.

90 V l 0.2 2.15 2. 1" 2.' (i ,.4 1.7 1 . ' ;

Re>2 " 10' 0.5 1.0 1.54 1.44 i1., 1.32 1.2 I 1.i

2.0 I.4P. 1.10 1.0,, 0.' 1 0; 1. 1 1.l1 1 ,

Appendix Table 3. 1. Coefficients of Local
Resistance or Drag For the Exits or Exhausts
of Piping. 2. The Form of the Exit or Exhaust.
3. Coefficient of Local Drag or Resistance .

4. Flowing Out From a Straight Pipe. 5.
Turbulence Flow. 6. Laminar Flow. 7. During
Turbulence Flow. 8. During Laminar Flow. 9.

Flowing Out From a Cone-shaped Jet Nozzle.
10. Flowing Out from the Conical Diffuser Exhaust
or Exit of a Pipe. 11. Flowing Out From a Pipe
Bent 900.
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t --4 11.2 1.5 -2.0 3,1.0 4.0 5.0

5 0.02 0.04 0.08 0.11 0.1 0l .11

, 10 0.02 0.05 0.09 0. 1, 0.16 0. 16

go 180", Mrskl : 20 0.04,. 0.12 Y.25 0.34 0.37 0.38

30 0.0o 0.22 0.45 0.55 0.57 0.58

45 40.07 0.30 8.62 0.72 0.75 0.76

0.36 0.68 $.$1 0.63 0.84
-_.. r 90 0.34 063 0.82 0.88 0.89

120 0.32 0.60 0.82 O.88 0.89

180 0.30 8.56 0.82 0.88 0.89

1L.~ As. A., )4&99

Appendix Table 4. 1. Coefficients of Local
Resistance or Drag Where There is an Expansion
in a Pipe. 2. The Form of the Expansion in the
Pipe. 3. Coefficients of Local Resistance or
Drag c. 4. When a = 1800, this is a sudden
expansion. 5. Note: A and A are the passage
areas of the pipe which 8orresp~nd to the interior
diameters d and d . 6. Within this table the
effects of rictioA losses have not yet been fig-
ured in; their values are figured according to the
formula below.

-- . .. o.o.i.i o,1. 0. o,,.
,,°.,o - c- )o % i ,- )A.0.9 0.1.030.

Re>1 0o'.451 A+.4 0.3 .250.200.150.050

4;'-lfPH' *I 2 4 11 " IIA 0 ::ft, " n 4' IM 1

Re> 10'

I) A, A, l a l k do,,. BYAmduR

Appendix Table 5. 1. Coefficients of Local Drag
or Resistance in Places where Pipes are Contracted.
2. The Form of the Contraction of the Pipe. 3.
Coefficients of local Friction or Drag C. 4.
is the value of c according to the "Quantity 4"
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Appendix Table 5 (continued). "The Entrance or
Intake of the Pipe is Chamfered" as it is found
in Appendix Table 2. 5. A and A are the passage
areas of the pipe which correspond to the interiordiameters d0 and d1 .

a. 10 20 3 0 O 70 so

______________ 0.04 0.1  1 07  0.4 055 0.7:0.4 1.112

aL

d./2R 0.1 0.2 U. 3 0.4 0.5

0.1 3  , ..4 - .1 U-"., -1

Appendix Table 6. 1. Coefficients of Local
Drag or Resistance for a Bent Pipe. 2. The
Form of the Bent Pipe. 3. Coefficients of
Local Drag or Resistance C. 4. A Folded Tube.
5. A Tube With an Even Bend. 6. Note: (1)
Concerning the cast elbow of the coarse pipe
wall, when there is turbulence flow, the numer-
ical value of c should be 3-4.5 times larger
than the values found in the table above. (2)
The situation when two bent pipes are hooked
together.
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J L Z JI_ J_L

4 0.13 0.1 0.5 3 005 U. 1

Appendix Table 7. 1. Coefficients of Local
Resistance or Drag in Branch Tubes. 2. Form
and Direction of Flow. 3. Note: (1) On the
basis of the Table above, it is possible to
organize the situation into various types of
branching flows or converging flows; (2) v in
the formula for figuring the local resistance
or drag ought to be the average flow speed of
the fuel flow in the main tube path.
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1A 0. .1 L .6 .8 0

i,/, 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.5 0.7 0.75 0.8 0.85 0.9

33.3 17 10 6.4 4.3 5 [ . 1.5 1.26 0.97 0.75 0.58 0.44 0.32 0.23 0.14

.,, - C -- .- 400, 7 ,, .

Re 50 100 :10" 200 300 400

97 1.44 1.24 1.13 1.08 1.03 10I

Appendix Table 8. Coefficients of Local
Resistance or Drag for Filter Nets. 2. A
is the effective passage area of the filter
net (m2 ); A is the total area of the filter
net (m2); v is the flow speed of the fuel
flowing in the front of the filter (m/sec)
(the total area going through the net);
6 is the average diameter of the filter

filaments; v is the kinetic viscosity of
the fuel (S and v), in the original material,
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(Appendix Table 8 continued) are not given in
actual units; however, due to the fact that Re
is a non-dimensional standard, when there is an
n layer filter net, and the intervening space
between each of the layers is not smaller than
156, then, the total coefficients of local re-
sistance or drag are

Appendix 2. Thermal Capability Coefficients of
Several Sound Absorbing Materials.

20-50 0.03-0.04 so - 35

7' iiU : <150 0.03.-0.04 250-350 - 35

S'vlaEum~l 1-20 0.03 450-550 -100

J, , 0 I4# 10-20 0.03 600-700 -100

/oPAWKYAORU 40-90 0.03 1000-12oo -tOO

it #' <150 0.04-0.05 250-350 - 35

LiE's" 120-150 0.04-0.05 500--.600 -100

l i o300-BOO 0.08-0.12 900-1000 -

- - 1000 6L±

1. Sound Absorbing Material. 2. Density (kg/m3).
3. Coef.icient of Thermal Conductivity (kilo-
calories/m-sec.degree). 4. Highest Temperature
of Employment. 5. Lowest Temperature of Employ-
ment (C0 ). 6. Sponge Plastic. 7. Fiber Glass
Products. 8. Ordinary Very Fine Glass Cotton.
9. Non-alkaline Very Fine Glass Cotton. 10.
High Silicon Oxide Content Glass Cotton. 11. Slag
Cotton Products. 12. Slag Cotton. 13. Pourous
Sound-absorbing Brick. 14. Perforated Metallic
Plate. 15. and up.
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Appendix 3. Relationships between the Rate of
Perforation and the Hol- Diameter and Distance
From the Center of One Hole to the Center of
Another.

In the case of a triangular arrangement , (.
In the case of a square arrangement P .1 /"

In these equations: P is the perforation rate; d is the diameter

of the circular holes; and, 1 is the distance between the center of

one hole and the center of another.

O:~Q OQo
V..-:"5"" . . .

The relationships between P, d and 1 can be used as they are dis-

played in the table below.

li11

0.5 13.5 12.5 2.5 6.0 5.6 12 2.7 2.6

0.6 12.3 11.4 3.0 5.3 5.1 14 2.5 2.4

0.7 11.4 10.6 3.5 5.1 4.7 16 2.3 2.2

0.8 10.6 9.9 4.0 4.6 4.3 Is 2.2 2.1

0.9 10.0 9.3 4.5 4.5 4.2 20 2.1 2.0

1.0 9.6 8.9 5.0 4.3 3.9 25 1.9 1.8

1.2 8.7 8.1 1 0 3.9 3.6 30 1.7 1.6

1.4 8.0 7.5 7.0 3.6 3.4 35 1.6 1.5

1.6 7.5 7.0 8.0 3.4 3.1 40 1.5 1.4

1.8 7.1 6.6 9.0 3.2 2.9 45 1.4 1.3

2.0 6.6 6.2 10.0 3.0 1 2.8 50 1.3 1.2

1. Triangular Arrangement. 2. Square
Arrangement.
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Appendix 4. A Calculation Diagram for the
Resonant Frequencies of Perforated Plate Sound
Absorbing Materials.

&m d - 2.. 1.

0.2

0.1 0.1 600
0.01 300 2

2000

0.3 0.03 1
0.5 0.02. Zoo

oo 1N

.;l . o

•Ns I.IA *iAU

1. cm. 2. Hertz. 3. A Calculation Diagram for
the Resonant Frequencies of Structural Bodies Made
From Perforated Plate. 4. Plate Thickness. 5.
Hole Diameter. 6. Perforation Rate. 7. Rear Air
Layer Thickness. 8. When we already know four of
the quantities in t, d, P, D and f0 , then, it is
possible to solve for the other quantity. For exam-
ple, if we already know the thickness of the perforated
plate and the rear air layer thickness, then, if we
are going to solve for f,, we must first take the
(t+o.8d) which correspon to the perforated plate and,
using a straight line, connect it to P; then, take the
point at which this first straight line crossed m and
join this point to the appropriate point on D; the
point at which this line crosses the f line is the
resonant frequency we are looking for.0
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